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THU  OrCYGEN  ELECT 

Tochnlcaj.  Report  Eo.  ’•. 

by 

E.  R.  v.'it-hsrrpoor-i  Hermaai  Erbach,  Emest  Yeager 
aiid  Rl’anCc  Hovorlre 


A’oatract  - 


. h 


cxyger.  eleet-rode  have  bean 
studied  on  carbon  surface?  by  ineaiiri  ci  cathodic  polc.rizatlon 
rasasurapianta,  rh')  polarization  hai)  'ooen  'Icten-inr'a  by  the 
indirsct  r.ethr  • vl-U  'lactronlc  Instrumentation.  The  cbau- 
acterlstlcs  ci  the  j"-  ,en  eloetrodo  ha-'O  bcfjn  obtcinvjd  as  a 
fuiictlon  of  the  typs  of  carbon  ourfaco;  the  nat.iir.ft  of  the 
slcctroiyto,  ionic  atrength,  pH,  peroxide  ccncsntratlon, 
temperature,  oxygen  pressure,  ouri'ent  danslty,  time,  and 
catalysts  Included  witn  the  carbon.  '"’n  the  basis  of  these 
msasurerients,  the  following  conclusions  have  been  reached 
conce.mtng  the  oxygen  slcctrode  in  alkaline  solution; 

1-  The  oxygen  electrode  with  carbon  proceeds  according 
to  the  ruJ^chanlsm 


> Og (adsorbed; 


a ) Oa ( gas } ■ 

b)  2 e + 0a( adsorbed)  + H^O #■  HO3  + OH" 


) HOa 


HO  +•  1/2  0: 


electrolytic  transport. 


or 

b) 


2.  At  apparent  current  '•'.cnslties  as  high  as  ^00  nia./'cin?, 
cathcidlc  polarization  appears  to  bo  pri:nariiy  the  result 
eoneentr-atlon  polarisation  involving  a)  the  build-up  of 
■hydroxide  ion  ccnc entratlon  at  the  electrode  sxirfaee,  and 
the  depletion  of  physically  adsorbed  oxygen  at  the  sites 
the  eloctuochftrt.lcai  reaction. 


& 

t 

tt 

I % 


i 

f 

\ — 


3»  The  elactrocheraical  step  (b)  seemi  r,o  be  reversible 
sysn  at  apparent  cwrant  densitisa  greater  than  100  ffla./ctn? 

li.  The  use  of  a water-proofing  component  in  the  carbon 
elcctrodud  is  necessary  to  prevent  the  solution  froja  filling 
the  pores  and  capillaries  In  the  carbon.  Transfer  of  oxygen 
to  the  effective  sitss  for  the  electrochemical  step  (b)  can- 
not take  place  effectively  through  aolutlon- filled  pores. 

The  transfer  process  probably  involves  the  surface  mobility 
ascribed  cfter>  to  physically  adserbod  species  as  well  as 
gaseous  difiTislon. 

5.  The  concentration  polarization  can  be  greatly  de- 
creased through  the  increase  of  the  oxygon  pressure  and  the 
Inclusion  of  peroxide  decemposing  catalysts  in  the  carbon  or 
the  electrolytic  solution. 

6.  The  elsctrocheialoal  reduction  of  the  perhydroxlde  ion 
does  not  take  place  to  any  appreciable  extent  with  any  cc»a- 
blnatlon  of  particular  types  of  carbons  and  catalysts  exafiined 
as  of  date.  The  eleetrochesalcal  formation  of  the  ROa  Ion  is 
characterized  by  a lew  energy  of  «efcivatlon  because  the  oxygen- 
oxygon  bend  la  not  broken r This  is  not  true  of  the  further 
reduction  of  HOJ,  however. 

7.  Carbon  electrodes  deteriorate  more  rapidly  at  ojrrent 
dcnsltiss  above  $0  ms. /cm?  in  sodium  aydroxide  than  potassium 
hydroxids  unless  peroxide  decomposing  catalysts  are  ir.o'nded 
in  the  carbon.  The  formation  of  sodium  pe’^oxlds  in  the  pores 
of  the  carbon  is  balieved  to  be  responsible  ror  this  differ- 
ence in  perforiiisnne  in  the  two  electrolytes. 

6.  The  oxygen  cathode  is  capable  of  operating  on  pure 
oxyeen  gas  (1  atm.  } at  current  densities  in  excess  of  i?0 
ma.7cm?  for  weeks  at  a time  with  polai-lzation  less  than 
0.1a  volts. 


This  report  Also  contains  a brief  survey  of  the 
literature  relating  to  the  oxygen  electrcdc.  In  addj.ticn, 
the  ioncentretlon  polarization  at  an  ox;7g0n  electrcdo  has 
been  considered  theoretically.  The  mathsmatloal  results  oonx- 
pare  favorably  with  the  experimentally  determined  polai'ization 
data. 


V 


In  Technical  Report  No.  2 the  results  of  prs- 
lisiinary  measurements  vith  the  oxygen  electrode 
were  described.  Since  the  preparation  of  this 
earlier  report  In  1953*  Investigation  of  the 
oxygen  electrode  has  proceeded  considerably  furthsr, 
and  the  oxygen  electrode  is  now  more  fully  under- 
stood with  respect  to  its  performance  in  alkaline 
solutions.  This  more  recent  work  is  described  in 
the  present  report. 

Iluch  of  this  report  i»  based  on  the  theses 
submitted  by  two  of  the  authors  (R.  R.  Witherspoon 
and  E.  5.  Urbach)  In  partial  fulfillment  of  the  re- 
quirements for-  the  Ph.D,  degree  in  tha  Department 
of  Chemistry  at  V/esterr  Reserve  Unlvare  ity. 
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PsHi  1..  Previous  V/ork  on  the  Oxygsn  Electrode 
and  Related  Systens 

The  literature  survey  vvhioiri  rci.IoT?j3 

considered  under  the  topics  of  thcr-.-cd'Tianilcs, 

behavior,  and  dynamic  behavior.. 


bs 

static 


A.  Themodynamlc  ConsidGrat..oije 
Theoretically  any  system  of  in;jrt  conductor  and 
elecbrolyl;©  may  be  considered  an  u.-tjgen  electrode  If 
molecular  oxygen  is  directly  or  indirectly  involved  in 
the  electrochemical  process  occuring  at  the  elsctrcds- 
olectrol3rfce  Interface.  Theroforou  & prerequisite  of  any 
study  in  this  field  la  a knov7l&uge  c.f  the  precise  elcctro~ 
chemical  reactions  and  the  thoore-'isal  potentials  associ- 
ated with  oxygen. 

The  free  energy  oxidation  stato  relationships  of  the 

oxygon  system  have  been  graphically  illustrated  in  Figures 

1 

1 and  2 from  the  tabulation  of  Latimer.  of  note  is  the 
fact  that  the  theoretically  avallabie  free  enej?gy  result- 
ing fi’om  the  total  elect rochemioai  reduction  is  three- 
fold gj^eater  In  aold  than  it  is  in  basic  solution. 


V/,M,  Latimer,* The  Oxidation  States  of  the  Elements 
and  their  Potentials  in  Aqueous  Solvit  ions, Second  Edition, 
Prentice  Hall  Co.,  Ne??  York,  1?SP^  p,  50, 
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reduction  state 


Free  Energy  - Oxidation  State  Rslstionships  of 
the  Oxygen  Syatom  In  Acid  Solution  at  25®  C 
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Figure  1 
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yrao  Enargy-Qxidation  State  Relationships 
of  the  Oxygen  System  in  Basic  Solution  at  25*  C. 


Plgura  2 


volte  VS  saturated  calcmel 


E.m.f.  vs  HsCa  Concentration 


Figure  3 
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In  practicc-j  :r''itiplo  oioctr-cn  transfor’  procGacos 

jjenoraii:/  yccui*  li>  i serfes  or  stops  oecpat;o  o:;  the 

large  activation  energy  required  to  go  from  one  state 

to  another.  Of  all  the  possible  modes  of  reaction 

originating  with  relatively  stable  rr,clecules  or  ions. 

S,S 

the  literature  indicates  only  tv o appear  to  have 
sufficient  velocity  to  warrant  their  study  as  possible 
scurces  of  slectrocheniicai  energy  and  as  reversible 
electrodes.  These  are 

1)  2-  + 2H  + KssO-  2HcO, 

i.e.,  peroxide  reduction  to  water  in  acid  media  and 

2)  2o  + H3O  Oa  HOs  + 0H7 

i.e.ji  oxygon  reduction  to  peroxide  in  basic  raedia. 

The  reaction  involving  the  fervaation  cf  superoxldes 
is  also  fast.  lii  view  of  the  r'^pld  conversion  of 
superoxldes  to  peroxides  in  the  presence  cf  water,  the 
overall  process  is  equivalent  to  reaction  (2),  which  will 
be  the  primary  concern  of  this  i*eport* 

Considerable  evidence,  to  be  prosonted  later.  In- 
dicates that  the  reduction  of  oxygen  to  peroxide  can 
occur  under  relatively  reversible  conditions  in 
alkaline  solution. 


Yeagerji  Witherspoon,  Urbach,  and  Kovorka,  Technical 
Report  No, 2,  Office  of  Naval  Research-  Contract  Kc.  N onr 
581  (00)  Project  No.  NR  354-277  (1S52). 

3 

VVelsz  and  Jaffe,  Trans.  Electrochein,  Soc.,  93, 

12s  (1948 )«  ^ 


Low.ls,  iuid  Ii&ridall'^c8l<‘-”la':cd  t-h“  st-endar-d  of 

the  oxygon-peroxide  couple  in  basic  solution  as  iollorrs 

3)  2o  + HaO  + Og HO^  OH  j ^-pod,  = 0,0'74  v. 

where  E lopriisents  the  standard  potential  of  the  oxy£:8n- 
peroxide  couole  at  unit  activity  of  base  and  peroxide 

The  potential  of  the  hydrogen  pyr-oxlde  couple  at  unit 
activity  of  hydrogen  ion  Is  expressed  by  the  equation 

4)  2e  + 2H%  Oft  — ^ HfiCft  i K^d.  = 0.682  v, 

These  bheoretical  data  have  served  to  establish 

3 

the  empirical  validity  of  the  measurements  of  Bomera&nn  , 
who  had  previously  obtained  a valuo  of  0o63*c02  volts 
with  on  oxygen-platinum  electrode  in  acidic  peroxide 

solutions.  This  value  is  in  agi/aement  with  the  Lewis 

* 6 

and  Randall  value  of  0.682  volts.  v;.0.  Berl  s extensive 
meacurements  with  oxygen  activated  carbon  electrodes  In 
basic  solution  yielded  the  empirical  value  -0.042  volt 
ii?hlch  must  be  compared  with  the  -0,074  volt  calculated 
by  Lewis  and  Randall • The  discrepancy  between  the 
values  {1290  oaloxd.eB)  is  small  if  one  considers  the 
accuracy  of  most  thermal  data  end  the  fact  that  the 


4 

Lewis  and  Randall,  Thermodynamics  and  the  Free 
Energy  of  Chemical  Substances,*  McGnrv  Hill  Co.,  New  York; 
1923,  F.  475. 

Bomemann,  Rernst  Pestachrlft,  Kmpe.  Halle, 
1912,  p.  118. 

^vV.a.  Berl,  Trana.  Elec  tree  hem.  Soc.. 


65;  253  (1943). 


theoiTiiinal  v&iue  is  a r-olatively  small  value  ierdved 


xjT'Oiu  vlie  al^etDX'aic  cl  tz’s. 


^.4  TT?:he  imc  ro . 


the  empirical  value  itself  requii*03  assumptions  repardiiig 
the  Junction  potential  and  tha  activity  coefficients  of 
the  perhydroxlde  iona. 


B.  The  Characteristics  of  the  Static  Oxygen 

Electrode 

1,  Peroxide  and  Hyciroxids  Ion  Effects 

The  static  potantiai  of  the  oxy/ren  electrode  should 
follow  the  li^r-nst  equation.  This  can  be  ascertained  in 
tenns  of  the  dependence  of  the  potential  on  the  oxygen 
px^ssure  and  the  activities  of  the  hydroxide  and  per- 
hydroxido  Ions.  The  appropriate  relationship  originates 
fZHxn  equation  (?)  which  Is  aasociatod  with  the  oxygen- 
peroxide  half  coll-i.e- 

6)  £ - ^ 

The  cu  _ and  a,  ,,'rspreaent  the  activities  of  the 

0h  fcH 

species  in  the  subscripts  and  the  pressure  of  oxygen  Is  ^ 

R is  the  gas  constant,  P the  faraday,  T the  absolute 

temperature,-  and  n the  number  of  electrons.  The  data 
o 

of  W,G»  Beri  are  presented  in  Figure  3 and  substantiate 
the  predictions  of  the  Neivist  equation  which  requires,  a 
linear  dependence  of  the  potential  on  the  logarithm  of  the 
activities  of  the  reaction  ingredients. 

The  electrode  of  Berl  consisted  of  a porous  graphite 
cylinder  which  was  sprayed  with  a thin  coat  of  activated 
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carbon  In  a toluGiiC’’'5t/hfmcl  aoluliion  of  cth^/lcGl-iulosas. 
IXvrin"  tii*  m?Asu?Gn-.snfc  oxyrvCn  gar;  v/as  supplied,  to  t-b« 
ineld©  oi  tba  cylinder  so  tliat-  the  oxygan  bubu?i.ss  Issued 
uniformly  from  tha  axtemal  carbon  layoro 


2,  Oxygen  Pressure  Effects 

Unfortunately  no  rel labia  measurements  of  oxygen 

pressure  versus  potential  rolntionsLip  exist*  The  data 
rr 

of  Winslow'  wore  obtained  in  2 N 11*304  with  an  active 
carbon  electrode.  Nc  fixed  ssiount  of  peroxide  was  added^ 
and  no  effort  was  made  to  measure  the  pej^oxide  produced  by 
transients.  The  curve  (Figure  4)  vaguely  resemble?  a 


logarithEiic  plot. 


The  break  in  the 


curve  at  745  nm.  of  Hg  Is  the  subject  cf  apecuiation  by 

the  author  but  does  net  warrant  too  serious  consideration 

until  experiments  with  ede-iuate  peroxide  controls  yield 

8 

siwiiar  reproducibia  results-  Kordssch  and  idarlinola 
studied  the  potential  changes  produced  in  the  cell 

0*,  narbon/eloctrolyte/Zn 

with  eiz’  (oxygen  pressui?©  0,21  atm.)  and  subsequently 
with  a mixture  of  995^  nitrogen  and  l/o  oxygon.  They  too 
appear  to  have  neglected  a peroxide  control.  Their 
measuremonts  required  heura  ror  stabilization.  They 


N,Mk  VVlnsloWp  Trans*  Electrochem*  See,,  92,  411 

(194V 

8 

Kor-desch  and  ieartlnola,  Monatsch,,  84,  39 
(1953),  — 
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r’epoi-lwu  ^ potential  change  of  o.0?8  volt  in  6 N i'on 
Ter  the  lO-fcld  variation  in  oxjnen  pressure^  This  Is 
in  agr-eeiaent  with  tho  £S  lav.  calculated  froin  tho  Kei-nst 
equation.  In  solutions  less  alkaline,  however,  snaller 
changes  in  the  potential  indicated,  a loss  sensitive 
response  to  the  changes  in  the  cjiygen  partial  pressure- 
At  pH  bslou  9 in  the  acid  range  a 20-fold  dllTorcnce  in 
the  oxygen  partial  pressure  produced  a change  of  only 
4 mVs.  or  less  lij  the  potential. 


3.  Temperature  Effects 

In  Figure  5 are  Illustrated  graphically  the  thermal 

g 

behavior  of  the  oxygen  3lecti*ode,  Bratzlor'"  reported  a 
temperature  coefficient  of  3 rav.Ag  in  kOH  v/ithout  a 
peroxide  control. 

The  temperature  coefficient  of  the  oxygen  electrode 
In  1 M KOIi  V7as  measured  In  the  cell 


Oa,  carbon/  1 M KOH/Zn 

without  a peroxide  control  by  Horde sch  and  Martinola 


8 


By  subtracting  the  temperature  coefriclent  of  the 

—4 

zinc  half  cell  they  obtained  a value  of  -7,4  ^ lo  v./°q. 


4,  Static  Measurements  V.ith  Metallic  Electrodes 

Thus  far  ths  discussion  has  been  limited  to  oxygon 
electrodes  constructed  of  carbon  5.n  some  form  as  the  inert 
electrode  material.  Tlieoretically  any  passive  conducting 


itzler. 


rii  e rca  TOC  nt3m . , 


81  (19f-0}c 


c * 
I'O  B*0 

I •p'o 


Electrolyte  2 N BfeSO^ 


I 400  800  12C0  160C> 

partial  pressisre  of  Oa  in  nnn.  of  Hg 

Potential  of  the  Oa  Electrode  In  2 N HaS04 
versus  Oxygen  Pressure? 

Figure  4 


ciirrent  density  jm./c®? 

Current -Voltage  Curves  for  Various  Temperatures*^ 


Figure  5 
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10 


material  might  act  as  an  oxygen  electrode.  In 
practice  the  degree  or  reprodncibiiity  obtained  wi  tVi 
metallic  electrodes  has  been  disappointing.  The 
work  of  Bain^^  with  the  noble  metals  indicates  that 
greatest  reproducibility  ia  obtained  only  in  basic 
solutions  where  values  for  the  vard.ous  metals  most 
nearly  approximate  one  another.  The  time  period  re- 
quired for  ottainment  of  the  limiting  equillbrixim 
values  were  of  the  order  of  »veeka.  Since  those  values 

wer-e  subject  to  the  a Me  experimental  restrictions  as 

7 

the  data  of  Winslow,  relatively  little  thermodynamic 
significance  may  be  s scribed  to  them* 

V.'sisz  and  Jaffe'^  tested  electrodes  of  sintered 
ollvor  and  nickel  using  knovm  concentrations  of  per- 
oxide in  KOH.  The  silver  showed  a response  of  0,043 
volt  for  a toru’old  change  in  the  concentration  of  the 
peroxide  while  ths  nickel  was  insensitive  and  showed 
no  ch-iTjge  in  pot^^ntiHl  with  changing  psioxide  concen- 
tration. These  values  may  be  compared  with  the  cal- 
culated value  of  0.050  volt  and  the  experimental  value 
of  0,034  volt  obtained  with  an  active  carbon  electrode. 
Dynamic  checks  of  the  static  i-evoroible  values 

for  metals  at  pH  of  7 and  1 were  obtained  by  Ilickling 
11 

and  Wilson  from  polarographlc  half  wave  potentials. 

In  neutral  solutions  the  theoretical  value  plus  their 


10 

(1S40), 


H.G.  Bain,  Trans.  Electrochem.  Soc.,  78,  18.3 


il 


liS  diHDp  na.ti  0,42  volt  #iiich  ccmpax-ea  with  tbs  ob- 
sejTved  average  or  U»46  volt  rox-  plat  liiuiiif  goldy  TilolceJ.jp 
and  graphite  microelectrodes , Ir.  acid  solution  the 
observed  avet-age  was  0.80  volt  c-cmpared  to  the  theoretical 
values  of  0,79  volt.  The  most  dlvere,ent  values  were 
obtained  with  nstala  which  wore  good  peroxide  catalysts. 
This  indicated  a sensitivity  to  the  presence  of  pei*oxido 
by  nickel  and  other  metixls  not  foimd  by  Welsz  and  Joffo. 

C,  The  Imiaialc  hleetrcde 
l.>  /modlc  behavior 

a.  Oxidation  of  peroxide?  —The  anodic  oxidation 
of  hydrogen  peroxide  on  pia' inum,  gold,  nickel,  and 

graphite  mloroeleotrodea  was  studied  by  Hickling  and 
11 

Wilson  in  alkaline,  neutral,  and  acid  solution.  The 
current  efficiency  was  detemined  by  measuring  the 
amounts  of  oxygen  produced  per  quantltv  of  chai-ge.  The 
correction  for  the  catalytic  decomposition  of  the  pej>- 
oxlde  was  neglected.  If  this  error  is  not  considerec„ 
it  would  appear  that  at  ail  pH  ranges,  providing  the 
current  density  is  net  excessive,  peroxide  is  quanti- 
tatively reduced  to  on  oxygon  molecule  for  tv/o  faradays 
of  charge V 

b.  Concentration  effects,  — Hickling  and  Wilson 
found  that  the  half  wave  potential  Increases  almost 


11 

Hickling  and  Wilson,  J.  Electrochem,  3oc. 
95,  425  (1951), 


c, 


^ \ 


12 


linearly  T/it,h  the  pH,  Incroasins  porcxide  Inc  xBases 
tue  half  wavs  potej'»tiul  in  an  irre^nlar  fashion  at  all 
pK  ran£-G3  ^vlth  th?  exception  cf  platir*isod  piacinvun 
micrcselect nodes  in  aci.d  solution* 


2«  Cathodic  Behavior 

a.  Experimental  and  practical  cell  types o — A 


brief  sus!r«ary  of  aonc  cells  which  have  appeared  in  the 
litoratujTO  is  presented  hero  with  some  mention  of 
cuxTcnt-voltage  cliaracterl sties  at  the  risk  of  later 
r^pebition  before  fomal  current  officlency  and  polariza- 
tion data  are  discussed.  Most  of  these  data  will  be 
Tinsatlsfactory  for  quantitative  < rt^rpre cations  slxiOo 
they  ropreseiit  the  SM21I  tot  al  of  anodic  poiarizo-tlcnj 
and  IH  drop  in  the  electrodes  and  electrolyte  as  well 


as  cathodic  polarization, 

Martin  van  Marum  noted  that  Volta  3 pile  was 


more  energetic  when  placed  in  an  oxygen  atmosphere. 


xc 


Biot  and  Cuviei*  discovered  gas  adsorption  by  the  pile 


and  increasing  polar! iiat ion  upon  depletion  of  the 

14 


gaseous  supply,  A.dle  observed  that  aeratod  v/ater 
activated  a platinum-sine  couple® 


±2 


'a,  van  :.:ai-aa,  Imi,  Chim.*  41,  77  (1801), 


15 


Biot  and  Cuvier,  Ann.  Chim,,  39,  242  (1801). 


14 


R.  Adie,  Fhll.  Mag.,  31,  5-50  (1847). 
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I . 
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The  reknovmod  Grove  cell  was  simply  a 

milnhiiric  anid  solutlcr;  with  platlniiiQ  electrodes  j.n 

16 

contact  with  hydrogen  and  oxygen*  Leclanehe  obtained 

an  improved  output  from  his  manganese  dioxide  cell  by 

exposing  the  upper  part  of  the  llnO»  carbon  mix,  only 

partially  v/ettcd  by  the  olectrolyto,  to  the  at?no sphere. 

17 

L.  Msdche”**  (1879)  attempted  to  fabricate  a true  air 

depolarised  cell  by  replacing  the  marjganese  dioxide  with 

platlr-lied  carbon.  Thi.s  mix  was  exposed  to  the  atmosphere  * 

An  lmprov#niiont  on  the  Grove  cell  was  effected  by 
18 

Mond  and  Langar  by  passing  a jcixture  of  steam  and 

oxygen,  and  steam  and  hydrogen  respectively,  over  per~ 

f orated  platinum  black  coated  olectrodcs.  Table  1 

presents  polarization  data  of  these  and  other  workers; 

19 

Eofraann  contrived  a call  of  copper  electrodes  in 
KCll  employing  carbon  rr.cnoxi.de  a.s  the  anodic  material 
and  oxygen  as  tho  depolarizer.  The  combined  cell 


Vi/.R.  Grove,  Phil.  Mag.,  Ill,  14,  127  (ISSQ)- 

16 

G.  Lcclancho,  Lcs  iacndcs,  16  , 532  (1868)c 
Maiohe,  as  quoted  in  ''Primary  Batteries^ 

n in  tsi.*  T v*--*  nr.-.—'.  {'\r\ar\\ 

v.r»iio  vj.iic4juo  ewim  ^ 

P 216  a 


r\r>^  / ^ r\nr\  \ 


aiond  and  hanger.  F.x»oc.  Roy.  Soc«  (London).  46, 


’'n=A,  rioftaann,  Ber,,  51,  1526  (1918;, 
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AT»l  !».at5.on  was  0^72  vol  t at  only  C ob  mB.,/cm  z 

Oxygen  olecti:*odes  of  porous  and  platlnlsod  porous 

carbon  versus  zinc  anodes  were  ctudled  by  3.  Vo  Naray- 
20 

SzabCs  Oxygen  was  blown  through  the  center  of  the 

electirode  via  the  pores, 

21 

Lamb  and  Eider  Inenersea  a platinum  electrode  in 

an  acid  solution  of  ferrous  sulphate  containing  a 

SUSP-  nslow  of  activs  carbon.  The  potential  was  that  of 

the  ferrous-ferric  system  maintained  in  the  oxidized 

state  by  aeration  with  air  or  oxygon.  Currents  of  21,5 

ma./cm,^  at  0,053  volt  polarization  were  obtained, 

22 

At  the  suggeatlcn  of  E.  Baur,  J . Tobier 
compjreasod  active  carbon  granules,  previously  water- 
proofed wl:;h  paraffin,  into  porous  plugs  thr>ough  which 
were  blown  air  or  oxygon. 

By  empi  eying  an  active  carbui<  lusu crane  of 
gas  persseable  material  in  alkaline  electrolyte  (vs.  the 

hydrogen  electrode),  current  densities  of  20  to  30 
/ 2 

iuu./cn.  have  been  obtained  at  X'OOia  ature  and 

ICC  Kia./cm.  at  higher  temperatures  according  to 
23 

Spirldinow,  He  constructed  his  electrode  by  pi*es8lng 
the  active  carbon  upon  a wire  grid  with  rubber  cement. 


f ! 

> I 


or> 


(1927), 

21 

22 


St.  V.  Neray-Szabo,  Z.  Elektrochsa. ^ 35 j,  16 


Lamb  and  Elder,  J.  Am.  Chem.  Soc..  55.  162  {1931  )< 


Ji  Tobier,  Z.  Elekticochen,,  39,  148  (1935), 


23 

P,  Spirldonow,  Novoati  Technlkl,  7„  No.  1,  42 
(1935?,  ~ 


— 

f 

t 


X ( 


Keise,  Schumuchor,  and  Fischer'  *'  developed  e 
comriercial,  activated  carbon-alkali  zinc  cell  which 
operates  s’aoceasrully  at  7-S  ria./cru^  iVith  little  po.lar- 
ization. 

The  electrode  ci‘  W.G,  Berl''  has  boon  discussed.  He 
obtained  currents  of  150  ’?ia . /cm.^  for  short  periods  with 
little  polarization  using  oxy/^en. 

Jpecial  combinations  of  heavy  metal  catalysts  on 
porous  carbon  siccti-odos  w ore  employed  by  Kordeccl'i  and 
r.’.arko  to  seoure_ctntliivuo  cUv rents  of  30  na ./cm. "using 
only  air.  The  reproducibility  of  their  cell  va.s  applied 
to  tbs  determination  of  oxygen  in  gases  with  a sensitivity 


- .V  ,,,  ^ 

•Ji.  VVsV,'X/J. 

2G 

b.  iteduction  of  oxygen  to  peroxide,  ---Traubo 

has  shown  that  at  noble  metal  eloctrodes  in  dilute  acid 

solution  oxygon  is  reduced  to  hydrogen  peroxide  with  a 

current  efficioncy  of  lOOp.  but  that  simultaneous 

catalytic  docomposition  reduces  the  actual  yield. 

The  process  of  cathodic  production  of  HsO„  devised 
27 

by  I'..  Berl  \-ji_\s  claimed  to  produce  dilute  perc/.ide  in 
alkaline  solution  at  current  efficiencies  of  better  than 


"'^Helse.  hchunacher,  and  Flacher,  Trans,  hlectrochem. 
See.,.  92,  173  (1947)  , 

"'Marko  and  Kordesch.  OstexT,  Chem.  S.  . 52.  125 


(l9oj./ 


2C 

J 

27i 


Traubo,  Bcr.,  15,  2434  (1582). 


K.  Bcrl,  Trans,  hleotrocheri , toe..  ?C, 

(1.9oS), 


*■*  r 


90^.  lie  stated  that  yields  In  acid  solution  wore  rioor. 

V;.(J.  j3orl  ’ reported  that  current  eff  iciencies  of 
lOO;^  viore  obtained  with  an  activated  carbon  sufface 
sprayed  on  a porous  f^r.  jjhitu  base  for  current  densities 
up  to  450  ’.'.a*/cn,^  in  alkaline  solution.  This  result 
contrasts  favorably  rjxt;.  an  oxtrenely  low  efficiency  ho 
obtained  v/ith  f;raphite  alone.  The  effect  of  the  peroxide 
concentration,  uK,  pressure,  and  rate  of  oxygon  flow  on 
current  efficiency  d ata  were  not  detennined. 

5ucn  data  have  been  presented  in  a qualitative  fashion 

pQ 

b;.'  Churchill  in  the  esse  of  one  nietal.  Forr.ation  of 
hydroyen  peroxide  by  altminum  electrodes  definitely  appears 
to  be  a cathodic  process.  Tv/o  aerated  electrodes  of 
aluminu:..,  corrodiny  under  static  conditions,  may  produce 
approximately  equivalent  amounts  of  peroxide,  but  with  tbs 
application  of  Increasin-^  potentials,  peroxide  forraatlon  is 
accelerated  at  the  cathode  and  depressed  at  the  anode. 

The  relative  effects  of  pii  are  indicated  in  the  results 
from  aerated  aluminum  electrodes.  In  1 and  0.2  N 

5/3  KCL,  and  KgSO^  peroxide  ms  detected  in  larye 
amounts,  whereas  in  1 and  0,1  II  KOII,  peroxide  was  not 
detected.  With  KiiOs  only  a faint  trace  resulted, 

The  rate  of  production  of  peroxide  falls  off  with 


£8 


J.R.  Churchill,  Trans,  hlectrochem.  Goc.. 


I. 

\T 

S 


■ I 


'ac 

s 

t 


iDcroaalng  peroxide  according  to  Churchill,  it.  Is 
kno\i7n  that  the  rate  of  docorapoaltion  is  first  order' 

In  p«r-cxid®  and  the  r-ednccd  average  peroxide  production 
is  probably  indicative  of  a decomposition  rate  approach- 
ing the  production  rate.  In  this  connection,  V/elsz  and 
2 

Jafrt>  obtained  a iogarithralo  curve  which  flattens 
asymtotically  to  a maxlritun  peroxide  concentration  with  time 
at  a given  current  dens.ity. 

In  all  cases,  Chur-ihill  obaorvod  that  an  excess 
of  oxygen  was  oasentlal  to  the  cone  rat  ion  of  peroxide 
This  was  explained  by  the  electrouhsm  reduction  of 

peroxide  at  the  cathode. 

3 2 

V»eia2  and  Jeffe''  passed  a current  of  0,01  amp«/cm» 

through  a cell  containing  a kno>vn  n#»Tv>Tid«  concentration 

’.vlth  graphite  and  msrcuirr  cathodes  while  permitting  8m 

identical  cell  to  retnaf.i'  .static  as  a ccntxv?!.  After  a 

measured  amoiont  of  time,  host  and  control  analysed 

for  peroxide.  Thoup^h  no  ol&^^tx*CGnc<iiical  roG.ucvxOii 

occurred  In  6 molal  NaOH,  in  satvirated  NH4CI  a consldeiw 

able  amount  \;a3  electrochemically  reduced.  They  noted 

that  wnan  aeration  was  simultaneously  permitted  to  occur 

no  peroxide  was  electrochemically  I'oduced.  This  Indicates 

that  oxygen  competes  more  successfully  for  electrons  than 

per-oxide.  ‘Phus  the  reaction 


Far. 


29_ 


Barb, 


Soc , 47 


Baxend&le,  George, 
, 473  (1951  )c 


and  Hargrave, 


Trans , 
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6)  20  + Og  4.  2ir — HaC'a 

is  much  Taster  t.-.an  tho  reaction 

7)  2o  + HaOa  + 2li*'  » SIIqO, 

o.  pH  and  cation  concentration  effects, — The 

20 

results  of  St.  V.  Naray-Szabo  contain  the  IH  drop 
within  the  solution,  and  no  attempt  was  nade  to  con- 
trol or  ascertain  the  concentration  of  pcrhydro::lde 
ion.  Thi.s  lnvestif;c.tor  furnished  qualitative  data 
(Figure  on  the  bohuvior  of  polarization  curves  in 
solutions  of  varylnj^  pll.  His  cell  vms  constructed  of 
a porous  platinized  carbon  cathode  end  e zinc  anode 
with  a ncrcuroua  sulphate  or  ncrcurous  chloride  reference 
electi’odc  dependinc  on  the  electrolytes.  These  were  high- 
ly conducting  solutions  of  2 W K3SO*,  27^  NII4CI,  and 
NaCK  at  pH  values  of  0-  3.4,  and  14  •respectively. 

d.  Catalytic ally  activated  carbon  olectrodos . — 
iolarization  data  for  carbons  activated  by  various 
processes  arc  usually  subject  to  the  faults  previously 
nientioned  since  they  include  IR  drop  and  anodic  polari- 
zation., In  addition  the  measurements  were  (▼enorally 
made  without  adequate  control  of  peroxide  concentration, 
and  often  «'.thout  control  cf  sail’s  derived  from  the 
aoiution  cf  an  active  raotal  anode. 

Fi-*i:re  7 presents  a comparison  of  catalyzed  carbons 
9 

used  by  K.  Bratzler  ^ 

4t 

host  interostinr'^;  are  the  curbone  and  silver  activated 
carbons.  For  a comparison  of  platinized  carbon  and  non- 
activated  carbons  see  Fipiure  G, 


Quito  often  the  cathodic  material  I2  activated 
with  a metal  vmich  (far  iron  bein^^  passive)  dissolves 
in  the  cliictrolyte.  This  has  been  the  cat  with  niclrel 
and  copper  catalysts  in  sticonr-  alUallos  so  that  it  is 
quite  possible  that  the  catalytic  action  occurs  in  the 
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peroxide  decca.iposition  arc  described  in  Fart  V. 

Catalysts  ui-e  usually  derived  from  elements  of  variable 
valence.  Examples  are  the  pyrophosphate  ion  described  by 
Lamb  and  Elder, the  cuprate  ion  by  Veisc  and  Jaffe,'' 

r?  r\ 

and  iron  in  acid  solutions  vi  th  traces  of  copper, 

e.  Metallic  cxy.qen  electrodes.  = — The  metals  tasted 
pq 

by  Tcbicr  ~ were  iron,  nickel,  chromium,  nicV:elin, 
constantun,  manpanin,  silver,  and  copper  in  the  fern  of 
fine  wool  nesh  throu/rh  which  was  bubbled  oxy/^en  j'as*  In 
general  the  passive  metals  were  such  poor  electrodcc 
that  it  was  difficult  to  detemlne  whether  the  depoluri^iing 
action  was  due  to  t ''.c  oxygen  or  the  stirring  affect  of  the 
rrv.n  bubbles.  Copper  and  the  trnxisition  metals  could  not 
be  prevented  frora  dissolving  in  the  strong  alkali, 

Steel  and  silvered  copper  gave  optiraum  results. 

19 

Hofmann'S  copper^  copper-  oxide  electrode  in 

p 

carbon  raorsoxide  cell  delivered  only  O.G  ma./cm. 

.31 

M.  hnobol  made  the  suggestion  that  porous 
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Xolthoff  and  Parr-y,  J,  ;\ia,  Chem,  Soc.,  73.  3718 
19oi/.  

■ul 

r.i.  Knob  el,  Ind.  Eng.  Chem,.  B26  pGSS). 


carbcr.  clectroaG.i  be  electrcp^-ated  with  various  'iet;:i5i 
to  control  tbe  o-orvol  t.-ifTC- . The  a . plication  ci  this  ido-i 
to  practical  dcpolai  lii-at  Ion  problcois  h-as  been  alight. 

l:ietais  rrcive  found  01..^;;  oyi.ient  in  hlf;;:;  temperature 
iuei  cells  .;ith  varying  Uc-s-ec.-.  o"  Satietsasi , Ii‘on  coated 
vjith  tl'ie  oxides,  silver  and  molten  silver,  lead,  nichel 
and  the  platinum  mct.uis  exnibiieJ  better  per fo jnci-nce  than 
v.’ould  be  expects  d in  aquoous  solution  at  room  teMporature 
hut  the  curr  ents  were  still  only  16  to  20  with 

consiciGr^hl  e pciarizaticii  in  most  3.natancss. 

9 

ft.  Temporaturo  ei'ToctSo  --K.  Bratzlei''6  polari- 
zation curves  of  tonperature  dependence  v/eie  made  without 
a peroxide  or  metallic  ion  control  (see  tidure  '7),  He 
attributed  the  flatt3nln'3  of  t-lie  curves  ot  iilfthei- 
temperature  to  the  fact  that  the  peroxide  concent rotiori. 
at  the  clcctroae  is  decreased  by  high  temperature  induced 
decomposition.  A terufsrature  coofTloiont  of  3 nv./  C v;  5 

obtained  in  the  rrnftc  of  12  to  vf'^C  at  5 ma./cm.^. 

P. 

Kordc:soh.  and  hartinoj.a  h- vo  studied  tVie  effects  of 
temperature  on  dynanic  oxygen- carbon  cathodes  in  'J  II 
KOTI  solutions  frem  12  to  and  ."t  a current  of  5 na./ 

cm?*' I 'Pho  teiripCAviturc  coeffici ent  '.v;.s  hound  to  be  O.h 
inv./°G.  Like  Br-atzlor  these  v/orirers  railed  to  er-.ploy  a 
peroxide  control. 


Part  II 


EXPERIMEIITAL  PROCEDUKF.S  xlIE 
STUDY  OF  THE  OXYGEE  LLKCTRCDE 


A . Methods 

Pcnir  aethods  for  obtaining  information  about  the 
electiode  polarization  ai*e  discussed  below^ 

1.  Static  Ueasur4;'.:;cnts 

Of  prime  necessity  is  a knowledge  of  the  overall 
chemical  reaction  responsible  for  the  eleetr-ccheaical 
energy.  The  static  measurements  of  W.G.  Borl^  were 
undertaken  to  exploit  the  predictions  of  the  Nemst 
equction  for  the  assumed  half  cell  reaction.  Thus 
the  expected  slope  of  the  e«m,f.  versus  the  activitlse 
of  the  participants  of  the  reaction  was  obtained  and 
substantiated  the  thoory  that  oxygen  is  in  sqailibrium 
with  the  perhydroxide  ion  at-  the  oxygen  electrode. 

Tliis  techriique  was  extended  to  the  study  of  electrodes 
of  activated  carbon  catalysed  with  heavy  metalsc 

2.  Polarization  versus  Current  Density 

Experimentally  determined  relationships  between 

current  density  and  overvoltage  may  be  used  to  verify 

the  theoretical  deductions  concerning  the  mechanism 

o 

of  the  process  in  the  manner  of  Tafol~  at  al- 

^W.G.  Berl*  Trans.  Electrochsra . Soc,,  63.  253 
(1943).  
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Thsae  I'elationships  include  the  additional 
variables  of  tenporature j and  concentration  of  the 
reactants  and  products* 


3.  Current  Efflcisncios 

Current  efficiency  data  yield  additional  irifonn-- 
ation  on  the  sain  electrochemical  reaction  and  reveal 
the  prosoncs  of  possible  side  reactions*  ?«!croover, 
they  furnish  Infoi^Jintlcn  on  the  specific  decomposi- 
tion rates  of  peroxide  under  various  conditions. 


4,  Tracer  Techniques 
Tracer  tecluilques  involving  the  use  of  0“ 


1 o 
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ha’/s  been  employed  by  Taube  and  his  students  to 
obtain  info raiat ion  concerning  the  mechanisms  Involved 
in  catalyti  C phot orshomi cal  decomposition  of 

hydrogen  peroxide.  The  implications  of  this  work 
will  be  discussed  later. 


B.  The  'jleasujccment  of  Polarization 

1*  Instmimentatlon 

The  indirect  or  conmutator  technique  has  been 
used  for  measuring  the  polarization  in  the  prcjsent 
i'ti-s<-.iarch.  With  this  teohnicue*  the  polarizing 


Si.  Tafei,  b » Fh;/  s » Chesi - > 6C , G41  (1905). 

*^Cahlii  ai.d  Tuube,  J^Am.  dhem.  Soc.. , 74,  2312 
(1951). 
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Hunt  and  Taube,  ibid » , 5999. 
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O'ar-rant  tlirough  the  oiectrodo  i 3 perloulcally 
intermip'^ed  for  short  periods  during'  which  the  po- 
teTitlal  of  the  pol&rizad  electrode  is  measured  rela*. 
tive  to  a Axjrerenco  electrode  c If  the  potential 

z 

• jcjt;  *i  O J.  ^•  auuu^oUa  lL  uoa.y  x. 

teiTuption  of  the  polarizing  current,  the  voltage 
of  the  polarized  electrode  may  bo  obtained  v,  itheut 
including  the  IR  drop  associated  with  the  current r 
With  adequate  apparatus  the  Indirect  method  also 
penults  quantitative  inronr.Ktlcn  to  b«  obtained 
conceraing  the  rate  of  build-up  as  well  as  decay  of 
th6  polarization.  In  the  past,  many  workers  have 
objected  to  this  method  on  the  basis  that  the  polariz- 
ation decays  an  appreciable  amount  between  the  time 
v/hen  the  ouj’rcnt  is  interrupted  and  the  time  at  which 
the  potential  Ir;  mcaGured.  As  a result,  accurate 

dSwS.  2uppo38dly  esnnot-  bo  obtslnod.  for  triie  st*0Bdy— 
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electronic  Instrumentation,  ' the  potential 

measurements  can  bo  made  within  a period  of  the 
*■•6 

order  of  10"  sec,  following  the  intorr>jption  of  the 
■polar.! cur'»^^pt„  The  amount  of  decav  that  occurs 


"Y.  iichuldiner  and  D.  White,  J.  Electrochem« 

See,,  97,  433  (1950),  D,  Staicopouibs,  E.  Yeager,  and 
F;~Hov^A-,a,  lbid.»  93,  68  (1951) « 

/S 

Glut  Technical  .Report  No.  6,  Ultrasonic  Resear-ch 
Laoorator-y,  IVsstem  Reserve  University,  (April,  1951), 
Contract  I?o.  JI7  onr  4V002,  Project  Not  ITR  C51  ip2c 
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wltiidn  one  micrcaec-  la  probably  negligible  roi* 

£.11  eases  with  the  possible  exception  of  metal 
electrodes  v/hich  acquire  psssivityo 

The  indirect  method  was  used  for  the  majority 
of  the  pola  measurement 3 in  the  present 

research  because  it  does  not  impose  serious  physical 
limitatiens  or',  coll  or  electrode  design  and  presents 
more  information  (i .e < ^ build-up  and  decay  of  polariz- 
ation). 

In  Pigui?e  8 is  a di.agrain  which  partially  indicates 
the  type  of  infomatlon  to  be  obtained  with  this 
apparatus^  The  symbols  Gj  A,  and  R within  the  circle 
marked  *cq11 ^ 


Current 

Control 


I 

J 


Figure  8.— General  Pom  of  Apparatus 
represent  the  cathode,  and  r?.'.f«rence  electrode, 

\f.  ft 

respectively.  The  block  labeled  current  control 


t 
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represents  the  apparAtus  for  interrupting  the 
polaidzing  current  through  the  cell»  The  curi'ent 
passing  through  the  call  is  conti’oHed  by  the 
electronic  apparatus  and  is  inde pendent  cf  the  ceil 
voltage  or  impedance,  Tl«i  pcter.-'^ial  may  be  dstermi.ned 
hatweon  the  cathode  and  x^forence*  (V^),  the  cathode 
and  anode  (Vs)?  or  the  anode  and  reference  (V3 ) 
at  any  instant  following  the  Initiation  or  interrup- 
tion of  the  polarizing  current  with  an  eiectrc>nically 
operated  potentiometer  arrangement. 

The  general  characteristics  of  this  apparatus  are 
summarized  as  follows: 

-5 

1.  Polarizing  current:  variable  from  10  through 
0.50  ampo 

2,  Interripptlon  frequency:  variable  from  2 
through  20,,  000  per  sec. 

3m  Interruption  period:  variable  from  3 micro- 
sec,  thr-ough  0.10  30C * or  half  the  repetition  period 
(whichever  is  shorter), 

4.  Duration  of  potential  measurement:  approxi- 
mately one  miorocec.  (vur-iahie  if  desired) 

5.  Accuracy  of  potential  measurement:  1 mv. 
(better  acciiraoy  if  measurement  period  is  longer  when 
using  gated  bridge  detsotor), 

6.  P.slatlve  time  of  potential  measurement: 
variable  from  one  mlcrosec.  follo’.Tlng  current  inter- 
ruption through  0.10  3sc . or  three-fourtns  of  the 
repetition  period  (whichever  Is  shorter). 
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In  additlor.,  thla  apparatus  pravides  Information 
conceding  ?.n-dio  ««  well  ««  cathodic  polar?  zai;lon 
simultaneously  o 

In  Figure  9 Is  a block  diagram  which  indicates 

the  frinctlon  of  the  various  components  of  the  apparatvrsc. 

Details  rf  the  circuitry  for  this  Insti-uraent  ara  given 
6 

eleewhero*  The  blocks  labelled  M,  9^,  and  A, 
furnish  the  variable  frequency  square  wave  which  ooxi- 
trols  the  current  interruptor  I»  Tij6  units  in  blocks 
^3#  Ag,  aiid  the  block  labelled  '‘gate  ” control 

the  time  after  Interruption  and  the  duration  of 
msasursment  of  the  bridge  detector.  A switch  peimitted 
the  direct  coupled  amplifier  (Tektronix  model  112) 
and  osciilosoope  (Tektronix  model  511  AD)  to  visually 
indicate  the  null  point.  This  method  of  detecting  the 
null  point  provided  a sensitivity  of  5 mv./cm* 

The  tins  of  interruption  for  most  of  the  work 
was  200  microsec.  which  was  one  t’n5rd  the  period  of 
Current  flow-  By  raeains  of  the  visual  method,  measure- 
ments were  made  within  one  microsec.  after  the  cessation 
of  the  current  with  a time  of  measureme.Tit  erfsctlvfely 
zex-o. 

Curi'ont  densities  were  obtained  by  dividing  the 
polarizing  current  meter  readings  by  ftppai'-ent  areas 
accurate  to  within  2%^.  The  areas  were  defined  by 
glass  tubirig  of  diameter  i„13  cm.  - The  ins  tor 


/ 


mu 


Pigur-ft 


31 


readings  were  appro3:inatr;»iy  2%  accurate  on  t-? 
lower  pax*ts  of  the  scale  so  that  the  relative 
error  in  the  current  densities  was  3??, 

2,  The  Experimental  Cell 

A diagremnatic  sketch  of  the  ceil  and  a coudenbed 
block  diagram  of  the  electronic  apparatus  showing  the 
cell  relationships  are  shown  in  Pigui-e  10.  An  en- 
larged cell  schematic  is  shown  in  Figure  11.  The  cell 
was  simply  an  open  S60  ml.  pyrex  beaker  with  the 
electinsdes  clamped  in  place.  The  sepai^atlon  between 
the  anode  and  cathode,  was  limited  to  1 cm.  since 
gnsater  distances  resulted  in  IR  drops  which  severely 
overloaded  the  direct- coupled  differential  amplifier. 
Smaller  slsctrodo  distances  were  unsuitable  due  to 
interfarenc-e  caused  by  the  oxygen  bubbles  in  the 
vicinity  of  the  anede.  The  reference  electrode  was 
located  as  close  to  the  cathode  as  conveniently  pouslbis 
so  that  ov0z^=loadlng  effects  in  the  amplifier  were 
minimised. 

Or'ygen  wag  supplied  from  conventional  high  pressure 
cylinders  through  a standard  reduction  valve  system  via 
rubber  tubing  to  the  electrode  assembly.  The  pressure 
of  the  oxygen  fed  into  the  back  side  of  the  electrode 
was  measured  by  aii  open  end  morcury  manomotor,  while 
the  pressure  at  the  electrode  surface  was  determined  by 
the  fixed  static  head  of  the  solution  above  it.  The 
velocity  of  the  gac  now  was  dsteiBiined,  therefore,  by 
the  pressure  differential  betv.'osr,  the  delivery  pressure 
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Detail  of  Electrode  Placement  in  the  Cell 
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and  the  static  hfiad  of  tte  solution  6.bc3V6  the  cleefcrccic- 
Th&  rate  or  ilo’.v  ol'  the  oxygon  througii  tho  plug 
was  found  to  have  no  effect  on  the  aieasureraonts  as  long 
as  there  v/as  a slow  stroaii  of  bubbles  issuing  through  the 
face  of  the  electrode.  Excess  g="  pressure  tvas  avoided 
since  it  caused  partial  blocking  of  the  face  of  the 
electrode  with  bubbles  and  in  certain  cases  destroyed 
the  active  carbon  surface  layer. 

Ore  hundred  milliliters  of  the  electrolyte  were 
placed  in  the  cell  which  was  supported  in  a thermostatic 
bath  at  25-0 ol'C.  A fixed  amount  of  hydrogen  peroxide 
waa  added  to  the  electrolyte  to  stabilize  the  static 
potential  of  the  electrodes  {0.01  M in  HaOa)  except 
where  the  offacts  of  greater  or  lesser  peroxide  concen- 
trations were  desired. 

Before  an  elect i-odo  was  lowered  into  the  solution, 
the  oxygen  gas  pressure  was  turned  on  to  a\*oia  sucking 
electrolyte  into  tne  Siectrodo  bolder.  After  immersion 
the  static  potential  of  tho  electrode  relative  to  the 
reference  ”-3  chocked  before  being  polarized® 

In  applications  involving  the  use  of  a reversible 
reference,  electrodes  ivere  replaced  li*  t/he  potential  ex* 
the  static  cathode  ver>*ust  reference  was  2 mv.  or  luore. 

If  arjotVior-  reference  such  as  the  mercuric  oxide 
Of  sat'cr-ated  calosnsl  was  used,  the  static  potential 
was  required  to  agree  with  the  theoretical  value  as 
Diodifled  by  the  concentrations  of  alkali  ax'.d  peroxide 


presen'f 
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•Vhothsr  the  electrode  w e of  air  cell  carbon  or 
the  sprai'ed  type  (aoe  i^-rt  il,  3a),  the  initial  polarizcticr, 
was  always  high  and  drifted  to  a lower  sLablo  value. 

/liter  the  steady  state  of  the  electrode  was  established, 
the  current  was  reduced  to  zer-o  and  the  pulari^  11  U 1 Wi  1 
raeasuroMents  were  carried  out  with  increasing  currents - 
On  conpletion  of  the  polarization  measurements,  the 
potential  of  the  cathode  versus  reference  was  checiied  for 
agreenent  with  the  Initial  value  a short  OjlITio 
current  was  turned  off.  by  subjecting  the  catiiodo  to 
pi'epoio rization,  the  polarization  data  were  reproducible 
(in  tho  case  of  sprayed  active  carbon  electrodes)  at  ell 
curi'ent  densities. 

3.  Preparation  of  Electrodes 
e,  Fl.-ctrcdc  construction*  — The  electrodes  used 
for  the  majority  of  the  measuronents  were  constructed 
as  thown  in  Figure  12,  Tho  vertical  section  of  the 
holder,  25  cm.  ir  length,  was  of  gloss  tubing  with  a 
6mm.  Inside  diameter,  and  tho  horizontal  eiectrodo  am 
was  of  1.13  cm=  inside  diametor  tubing  living  an  opon 

O 

end  of  1 cn.*'.,  a small  copper  tube  sealed  Into  the  upper 
end  of  the  vertical  tube  served  both  os  an  inlet  for  the 
oxygen  and  as  an  clcctrlcul  contact  to  tiie  lead  from  the 
coffflTatwtor . 

< vertical  electrode  of  the  typo  shewn  in  x'^igure  15 
was  used  111  static  measurevaents . 
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An  Electrode  for  Static  Keasureaaents 


Figvire  13 
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A typical  electrode  of  coninerclal  aii  cell  carbon 
was  prepared  by  cuttintj;  a cylindrical  plug  from  a 
lai^s  air  cell  carbon  block  with  a tubular  cutter  so 
that  the  plug  was  slightly  larger  than  the  glass  holder 
mentioned  above.  This  plug  was  ground  to  a close 
fit  in  the  holder  and  then  sealed  in  place  either  with 
rubber  or  Genco  pllcene  (alkali  resistant)  cemento 

Electrical  contact  was  made  to  the  carlDon  plug  by 
means  of  a spring  on  one  end  of  the  lead  wir-e  v/bioh  was 
forced  into  tight  contact  v/ith  the  carbon  pliu^'.  The 
ether  end  was  soldo  red  to  the  copper  inlet  tube, 
Lloctrlcal  coxiduc t.t V i ty  was  cheukeu  after  assembly  by 
Immersing  the  face  of  the  electrode  in  a pool  of 
mercury  aiid  measuring  the  resistance  from  the  mercury 
to  the  copper  Inlet  tube,  A satisfactory  assembly 
registered  less  than  1 ohm.  Others  were  rejected. 

In  makinir  electrodes  with  a sprayed  coating  of 
active  carbon,  the  plug  of  air  cell  carbon  was  re- 
placed with  one  made  of  porous  graphite,  v/hlch  was  cut 
cj::d  sealed  in  place  in  a manner  similar  to  the  above. 

The  porous  graphite  used  for  this  purpose  was  secured 
from  the  National  Carbon  Company  of  Cleveland,  Ohio,, 

The  porosity  grade  ruost  ecanoniy  used  was  No.  30  since 
the  pores  of  this  material  did  not  plug  with  Uie  active 
cai’bon  particles  aa  readily  as  those  of  the  finer  grades 
Electrical  contact  in  this  case  was  made  in  either  one  o 
two  methods-  In  the  first  a copper  wire  was  forced  into 


a small  hole  v;hioh  ’sas  dirJlled  Into  the  long  plug 

of  porous  graphite  and  r’etalned  with  a small  drop  of 

solders  In  the  second  method  t-ho  back  end  of  ths 

graphite  plug  was  copper  plated  from  an  alke.line 

cyanide  bath  rnd  the  lead  wire  soldered  directly  to 

the  copper  layers  'The  copper  deposit  did  not  restrict 

ths  flow  of  gas  throvigh  the  plug  to  the  solution..  After 

the  plxig  v/as  cemented  in  place  the  lead  wire  was  soldered 

to  the  gas  inlet  tube  as  in  the  case  of  the  air  cell 

electrodes.  Of  the  two  methods  used  the  latter  was 

found  to  be  mort;  satlsf actcry» 

b.  Appllcetion  of  the  activated  surface.  --After 

the  electrode  was  assembled,  the  active  carbon  v/as 

applied  to  the  porous  graphite  in  a manner  similar  to 

1 

the  technique  of  17. G,  Beri  * The  active  carbon  material 
was  aiispended  in  a solution  of  rubber,,  polyethylene., 
or  other  wetproofing  agents  In  an  organic  solvent  such 
as  boiizene  and  api'ayed  upon  tho  porous  graphite  suppr-rtn 
The  typical  carbon  suspensions  were  made  by  using 
an  active  carbon  of  200  mesh  or  finer  and  adding  it 
to  a hot  colution  of  binding  agent,  polyetbylano 

In  an  orgaiilc  solvent  such  as  benzene  or  toluene.  The 
amount  of  binder  most  comr.ionly  used  was  55?  by  weight  of 
carbon.  After  nixing,  tho  suspension  was  cooled  to 
room  teiiiperatur-e  and  sprayed  onto  the  porous,  supporting 
graphite  under  tn  infrared  lamp  whl.le  a slow  current  of 
air  was  drawn  through  the  pluga  The  spraying  was 


co)^ti,nuid  until  the  costing  was  from  0*1  to  i*s’-  ’’im- 

in  thickn6S3  and  then  haitced  at  12C®c  fui'  ten  isinutoa* 

The  electiuds  was  then  ready  for  use* 

c.  Carbon  niaterials  used^r  —The  air  cell  carbon 

used  in  making  the  preliminary  measurements  in  IlaOH 

solutions  was  obtained  from  the  National  Carbon  Company 

in  Cleveland,  Ohio*  This  materiul  was  the  positive 

eleeti-ode  fiHjm  one  of  their  large  air  cells  produced 

pid^arily  for  railway  signalling  purposes.  The  outer 

one-eighth  inch  of  trie  block  of  carbon  was  apparently 

moat  activated.  Since  this  material  had  been  completely 

processed^  it  possessed  ccnsidarable  resistance  to 

wetting  by  alkali  and  required  no  additional  waterproofing 

The  caihon  employed  for  making  most  of  the  oxygen 

6lectxK)de3  was  of  the  type  used  for  decolorising  purposes. 

lui^chased  under  the  name  Kuehar  C frean  the  ’.Vest  Virginia 

Pulp  and  Paper  Company,  tMs  material  had  high  specific 

volume  and  was  finer  than  200  mesh  which  fact  made  It 

ideal  xor  suspensions.  The  actual  surface  area  of  the 

material  was  not  detoimined,  but  from  general  factory 

7 

specifications  for  active  carbons  it  was  probably  about 
800  meters  per  gram.  Other  carbons  scld  urber  tna  trace 
names  of  Nuchar  >V.  rluchar  JCj-IX,  Nucher  Vegetable  unaz’coal, 
aind  Kalliiikrovlt  N.P.  IX  Activated  Charcoal  were  employed 
in  suspensions  as  well  as  carbons  such  as  amlmal  black 
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ar-y.  blocd  aharccal.  Graphite  po’-vasr  I'rom  fiifyli  purity 
spi^ctxqgraphic  electrodes  was  also  used  for  the  purpose 

OX  dt/liOyXXIg  fcl  J.OW  CLO  uu.  If  o.  vu.v.'Ai  • a aaw 

properties  of  these  carbons  will  be  compared  in  Part 
IV  ► 

The  applictttioiji  of  catalyzed  carbon  rather  than 
ordinary  carbon  in  the  film  of  the  oxygon  cathode  re- 
sulted in  deeroased  polarization.  Carbons  were  pz*e- 
pared  with  silver,  copper,  cobalt  oxide.  ?mu  platinum 
among  other  metals.  In  a typical  treatment  10  grams  of 
tui  active  carbon  such  as  Nuchar  C were  made  into  a sus- 
pension with  100  ml,  water.  The  silver  was  added  in  the 
•fom  of  the  amino  complex,  the  quantity  depending  on  how 
much  silver  was  doaii’ed  in  the  final  product.  The 
mixture  was  then  heated  to  .“iooc.  and  the  silver  solution 
reduced  tc  silver  metal  by  tbs  addition  of  sodixaa 
hydrosulphite  with  rapid  stirring.  After  the  suspension 
was  filtered  and  washed  to  remove  soluble  salts,  the 
residue  wag  dried  and  heated  until  the  carbon  began  tc 
oxidise^  The  oxidation  was  permitted  to  continue 
while  the  carbon  mass  was  stirred  until  about  lOjS 
loss  in  weight  of  the  original  carbon  was  incurredo 
The  carbon  was  then  cooled  to  room  temper-  ture  and  the 
tinder  added  in  the  ncmal  fashion.  The  suspenslcri 
was  then  ready  for  use. 

The  above  proewiure  was  mcdlfied  to  deposit  copper* 
on  carbon  by  replacing  the  silver  salt  ffith  a copper 
salt-  before  the  reduction  with  sodium  hydrosulphite. 

In  a similar  marsnsz-  or-tive  carbon  has  been  treated 


II 


with  cobalt  aalts  so  as  to  produce  a carbon  x^atsrlai 
containlrig  cobalt  oxido  as  the  catalytic  matarial, 

A nuspension  of  tho  active  carbon  iii  wwler  was  treated 
with  a solution  of  cobalt  salts,  the  ariount  dspendlr^ 
ori  how  much  cobalt  oxide  ®as  desired  in  the  final 
product.  After  the  mixture  was  thoroughly  stirred^ 
the  cobalt  was  precipitated  as  the  hydroxide  by  the 
addition  of  rhc  inquired  amount  of  a baee  such  as 
HaCH  or  KOH.  The  product  was  then  filtered,  washed, 
dried,  and  ignited  as  in  the  ease  of  the  silver  and 
copper. 

d.  Binding  agents.  ^-The  wetproofing  and  binding 
agent  used  fci*  most  of  the  early  measurements  was 
polyethylene.  Several  other  materials  which  have  been 
tried  as  binders  for  the  active  carbon  were  polystyrene 
rubber,  and  ethylcellulose . The  /tibber  bonded  active 
carbon  films  were  more  adhsix)nt  than  the  others.  V/hen 
binders  which  are  soluble  in  aii  orgSJilo  solvent  at  all 
temperatures  were  used,  ths  carbon  remained  or.  the  sur- 
face of  the  base  mstor-lei  v*hiio  the  solvent  and  some 
of  the  biiidoi-  li  tho  support.  This  resulted 

in  an  'uTiknuwii  binder-  to  carbon  ratio  £.ndg.ave  poor 
ccmpazlsons  from  one  electrode  to  another.  By  heating 
the  gi-aphite  base  before  the  spraying  was  becun  the 
solvent  evaporated  as  it  was  spx-ayad  and  a mere 
Tonlform  carbon  layer  resulted. 

The  active  carbon  layer  obtained  by  this  spraying 
technique  was  often  quite  fragile,  especially  in  tho 
case  of  the  polyothylone  bonded  carbons,  which 
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required  aocewhat  i'!fttiuling  to  avoid 

danage  to  the  active  surface.  The  hot  spraying 
technique  was  advantageous  iu  'ohat  it  roauatoa  in 
mere  adherfint  layer-a  of  the  active  carbon  a&  well 
as  for  the  reasons  mentioned  above. 

4.  Electrolytes 

The  alkaline  solutions  were  made  from  U.S.P. 

gredo  KOH  which  contained  KOIl,  reagent  grads  K^.OE 
which  analyzed  97^,  LlOH^I-aO,  and  i-ti  Knethyl  aminonlum 

hydroxide  from  the  Eastmtin  Kodak  Company.  Concentrations 
from  0.1  to  1C  molar  were  used.  Other  electrolytes 
such  as  acids  or  salts  were  made  from  reagent  grade 
chemicals . 

Tbs  ueroxida  in  the  fora  of  90??  aqueous  solution 
was  obtained  from  the  Buffalo  Electrochemical  Company 
and  diluted  to  about  10  M before  uss.  The  concentration 
of  the  diluted  material  was  checked  by  iodometrlc 
titration.  The  peroxido  coti^sni/  o r the  electrolytes 
was  usually  O.OIM  and  was  Increased  by  successive 
additions  when  desired, 

o.  Reforeneo  Eleccrodea 
Tharoe  types  of  reference  electrodes  were  used. 

For  t he  first  basic  msasuraments  with  air  call  electrodes 
in  KaOH  solutions,  the  saturated  calomel  electrode  was 
employed*  It  was  found,  however,  that  aftsi-  a relative- 
ly short  period  of  time  the  electrodes  became  contaminated 
the  potential 

wi cn  ajkali  and ^tended  to  vary  considerably  from  the 
noraal  value. 
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A r-'.ore  satisfactory  type  reference  was  the 
Dg,  EffO/KOB.  or  Ne,OH  half  cell.  Theae  electoles  were 
easily  prepared  ar.d  reproducible  to  wit-'nin  0-05  nv^  in 
u abort  time.  Such  reference  electrodes  wore  stalls 
over  long  periods  provided  the  capillary  tips  were  not 
permitted  to  dry  out  or  the  solution  in  them  to  becfxie 
diluted.  In  addition  the  inpedance  of  this  type  v/us 
less  than  the  saturated  calomel  electrode,  a factor 
which  was  importa-.'.t  when  woriclng  with  the  electronic 
ccmrutatori 

A difficulty  that  arises  is  the  liquid  Junction 
potential,  which  can  bccoriio  quite  large  at  times. 
Correction  can  bo  effected  by  calculating  the  Junction 
potential  or  by  making  a series  of  HrrO  cells  having  the 
same  alkaline  concentration  as  the  solution  undergoing 
test. 

For  recording  absolute  polarization  values  directly 
from  the  ccsiunutator  readings  without  aubti’acting  a 
static  value,  a reversible  rc'ferenee  of  the  some  type 
undergoing  the  polarization  was  used.  Thi o proeedure  la 
acceptable  since  it  has  been  sliown  that  an  active 
carbon  oxygon  siectrode  is  reversible  v/J.th  respect  to 
Viydrox-ide  and  peri»y di-oxide  ions. 

As  a safeguard  duri.n~  the  raeusuremaiits,  the 
reversible  reference  was  checked  against  an  auxilla;ry 
hg,  HgO  electrode  ana  tne  valueu  compared  to  those 
obtained  in  the  static  measurements. 
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As  a second  safeguard,  the  i?©ie37enes  and  the 
polarized  electrode  were  ocmparod  for  potential 
dJ-fference  both  before  end  after  the  polarising 
weatMj.ra^ent . In  moot  cases  the  electrodes  were 
to  vary  less  than  1 mv.  after  the  measurements  were 
porr.pleted. 

C . The  Measurement  of  Cet-hodic  Efficiency 

A cell  and  electrical  circuit  of  the  type  shown 

In  Figure  14  were  used  to  detennine  the  efficiency  of 

formation  of  peroxide  at  the  cathode.  The  cathodes 

were  prepared  from  unt3?eated  active  carbon  bonded  with 

bp  polyethylene.  The  anode  was  either  a duplicate  of 

the  cathode  or  one  of  platinized  platinum.  Pure 

oxygen  was  forced  through  the  electrode  at  the  rate 

of  a few  bubbles  per  second.  The  anode,  cathode,  and 

middle  compartments  of  the  cell  each  contained  60 

ml.  of  IMKOH  plus  0,03  M HaOa.  The  current  was  con» 

ti*olled  by  the  rheostat  R in  conjunction  with  the  ammeter 

.4,  Tho  votsl  qiiantity  of  charge  transferred  was  measured 

by  the  silver-  ooulometer  C.  After  30  minutes  at  a 

o 

current  density  of  50  me, /cm,"  the  peroxide  concentration 
in  cnt  was  determined  by  treating  an 

acidified  portion  of  the  electrolyte  with  excess  iodide 
ion  and  titrating  with  thiosulphate.  The  probable 
error  of  the  measurement  la  estimated  to  fciave  been  +5^. 
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IDetail  of  tho  Efflcloncy  Cell  and  Circuit 


PAilT  III 


EXPL-Hl!.i.riTiiL  iiLl^ULTS 
A.  Static  Measuremonts 

The  static  potentials  of  the  cell  (Oj;.  carbon  I 
X H KOII,  7 ia  HOg  jaatd.  calomel)  were  measured  v/ith  vail- 
ing concentrations  of  hydroxide  and  perhydi^xide  ions. 

The  ceil  was  a beaker  containing  100  ml.  of  the  electro- 
lyte, a saturated  calomel  reference  electrode,  and  carbon 
electrodes  of  the  standard  type  discussed  in  Fart  II, 
coated  with  5^  polyethylene  bonded  Uuchar  C active  carbon. 
All  observations  in  this  and  subsequent  measurements 
v/ere  made  at  a temperature  of  25+.  0,1  °C  and  an  oxygen 
pressure  of  approximately  one  atmosphere  unless  otherv/lse 
stated. 

Agitation  effects  xvere  noticed  because  of  the 
differences  between  vertical  and  horizontal 
electrodes.  Withthe  horizontal  olectrodes  there 

w3i-e  no  agitating  oxygon  bubbles  issuing  from  the  electrode 
face,  '.Vlthout  sufficient  stirring  the  values  for  the 
I’eduction  potential  were  high.  This  can  be  explained  in 
terms  of  the  peroxide  formed  at  the  cctive  carbon 
surface.  In  the  ebsencs  of  agitation,  an  auprstiable 
concentration  gradient  w ith  respect  to  perhydroxlde  ion 
was  established  in  the  solution  adjacent  to  t ho  eleetrodo 
surface . 
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The  Hg,  Hf'O  rwfar-ance  elcctrc'ds  ^ave  moM  satla- 

I’actory  results  than  the  calcr.el  half  cell  which  tended 
con 

to  become  t'MnJ.nated  with  alkali  especially  at  high 
CH  ion  concent rat ion a* 

Figure  15  indicates  a linear  dependence  of  the 
potential  on  the  logar-lthsu  of  the  perhydroxide  ion  con- 
centration in  1.0  , 2.5,  and  5,0  M KOH,  The  results 
from  these  measui?ementa  chsck  satisfactorily  with  those 
Of  Berl'*’  and  give  z elope  of  ) e/  ^ log  j©citis,i 

to  ~0s032t. 

The  difference  In  static  potentials  between 
electrodes  at  one  atmosphere  and  0.21  atmosphere  partial 
pressure  was  tentatively  recorded,  as  15  mv,  which  is 
below  the  value  of  21  mv,  prsdlctad  by  the  Kemst  equa.^ 
tion.  This  can  be  explained  in  tiimis  of  oxygen  re.= 
leasiitd  at  the  electrode  surfa<^o  through  the  catalytic 
decomposition  of  peroxide. 


B.  Dynsmio  Measurements 

1.  Behavior  of  Air  Cell  Carbon 

Ifeasurements  were  made  on  the  system 
Oa,  air  cell  carbon/  x K KaOH  / plsitinizod  platinum 
with  a mercuric  oxide  or  saturated  calomel  reference 
electrode  using  the  indirect  or  corvnutator  technique 
described  In  Part-  II,  The  time  required  to  obtain  stable 

measxjrcments  was  apprcximatsly  one  hour  after  the  start 

1 2 
of  the  polarising  current  for  values  of  1 to  10ma,/cm. 

for  the  latter. 
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The  poltiH  Jiations  of  air*  cell  sarbon  cipctrodeci 
up  fco  current  cennitics  cl’  -auC  na.yom.'^  t/or-e  ot-sorved 
in  5 M NaOII  and  5 M KOH.  i''if»uro  IG  iriaiaatcs  a 
deereased  pclarlr.atii^n  in  the  KaOH.  Cuch  a charactor- 
has  been  observed  cnl^'  in  the  case  of  air  cell 
carbon.  In  the  c.'jcie  Tigure  the  pc-i'-romance  of  air 
cell  carbon  Is  conpared  with  an  improved  active  carbon 
or  ifuchar  C bonded  with  SJi  polyethylene* 

Figure  3 7 r2voo3  s the  affect  of  inc-i'35?ing  peroxide 
concentration  in  1 U and  5 K KaOK  at  coii'tant  current 
density  on  the  potential  of  the  oxygen-cdv  cej  ’ electrode. 
These  data  indicate  that  polarization  decreases  with 
i.ncreaairifj  peroxide  t^CiiCentr-aticn. 

2.  Pcrforme.ncn  uf  Uncatalyzed  activated 

Carhnrsa 


a.  Bi»dr;r-a . —The  electrodes  used  for  the 
majority  of  tho  -r'-sasureciCnt?  were  of  actiyated  carbon 
sprayed  on  porous  graphite  and  v/uv>t5  ussomblod  as  daa- 
cribed  in,  the  section  on  prepaiation  of  oicctxout  i;  r 
Tho  coll  was  tbs  same  as  that  discussed  undei’  air 
coll  carbon  v/lcii  the  sreepMon  that  the  relerencio 
electrodes  wero  generally  iuplic?tFi-i  or  t.'i.e  cathode. 

Almost  any  -odhcclva  matoria.l  v. hioh  io  aolubls  izx 
an  organic  and  resistant  to  alkali  may  be  used 

as  a binder.  P^. lycthylena  plastic,  othylcellulostg 
polystyrene,  ."nd  lUbboi’  have  baen  tested.  In  Figure  18 
is  shown  a coi.pariaoxi  6.?  several  binding  agents  v/itb  the 
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Comparison  of  Binding  Mat«.rlals 


same  active  carljon  material*  The  polax-lzation  curves  Tor 
5%  polyethylene,  rubber,  and  ethylcellulose  11s  on  top 
of  one  another  within  the  Units  of  experimantal  error. 
Quantitative  data  ajre  not  available  for  the  other  materials 
It  may  be  stated,  however-,  that  polystyrene  though  a frood 
binder  and  highly  resistant  to  alkali  yields  higher 
polarization  values  than  the  polyethylene  or  inibber* 

The  effect  of  increased  binder  concentration  above 
is  reveaJLed  in  the  same  graph  for  the  polarization  of  an 
electrode  containing  5^  polyethylene  and  3/j  rubber.  The 
optimum  amovint  of  binder  with  respect  to  polarization 

dependa  on  the  nature  and  specific  volume  of  the  material, 
and  was  noimally  5%  for  activated  carbons.  This  optimum 
val-ue  will  be  discussed  labor  from  theoretical  viewpoints. 

Data  for  the  time  dependence  of  polarization  for 

polyethylene  and  ethylcellulose  bonded  active  carbon 

electrodes  at  100  ap-  shown  in  Figure  'X9^  The 

polyethylene  material  shows  a marked  superiority  over 

the  e thylcollulose  in  that  its  polarization  is  mors  stable 

over  long  periods  cf  time*  Air  cell  carbon  electrodes 

. 2 

were  not  stable  at  100  ma./cm.  for  any  great  length  of 
time. 

Measurements  with  electrodes  containing  no  added 
materlsi.  other  then  binding  agents  were  confined  largely 
to  electrolytes  from  0.10  to  10,0  M KOU  rather  than 
NaOli  solutions  due  to  the  fact  that  the  electrodes  were 
found  to  deteriorate  rapidly  in  solutions  of  the  latter 
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greater  than  1 M concentr^-tion.  For  example,  above  a 
llxalt  of  50  ma./m.*'  in  5 M KaOH  the  active  layer  of  the 
electrodes  disintegruted.  Even  in  cases  where  the  active 
carbon  was  bonded  with  aa  much  as  10^  rubber,  double  the 
nomal  amount*  the  electrolyte  penetrated  the  active  carbon 
layer  rapidly  and  the  electrode  became  useless. 

b.  Ccsnparlson  of  activated  carbons  Without  peroxide 
deocaa^slng  catalysts . "* 

Activated  carbons  from  the  sources  mentioned  in  Part  II 

were  foiind  to  have  polarization  values  ranging  from  GO  to 

2 

150  mv.  at  lOC  ma./cm.  In  5 M KOH  and  0.01  M H^Oa. 
Polarization  vs.  current  density  curves  are  shown  in 
Figure  20,  The  binder  and  wetpraofor  were  polyethylene 
In  each  caso.  The  superior  Nuchar  C was  3,4^  a^h  v<hich  is 
in  the  process  of  being  analyzed*  The  x-ray  diffraction 
pattern  of  this  material  indicated  an  omorahous  carbon 
structure  with  little  or  no  graphitization  present.  The 
high  ectivitlon  and  low  polarization  of  this  activated 
carbon  wsrw  asscclatr.vl  witx:  its  high  specific  volume  ariicng 
other  factors. 

A rough  qualitative  evaluation  of  active  carbons  was 
made  by  measuring  the  shoi-t  circuit  current  yielded  by  a 
cell  of  the  t3rpe. 

air,  active  carbon/  5 M ECU  / Sn 
The  active  carbon  c were  constructed  ao  as  to 

praaent  a 1-cmf  apparent  area  to  the  electrolyte.  Results 
from  these  tests  showed  that  spectroscopically  pure  gi-uphite 
was  very  poor.  Activo  carbons  with  trade  noiaes  Uuchar  W, 
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actl’'r£.ted  charcoal  were  Inl'erlor  to  the  products  liuchar 


C 115,  and  Kuchar  C which  yielded  short  circuit  currents 


r 

over  6C0  ma,/cci.‘ 


Id'rects  of  varying;  pH  and  salt  cuncentratloiis.— 


The  effects  cf  cbttntf.inf-?  th«  concentration  of  KOH  vxhlle 


maintaining  the  same  Initial  concentration  of  •leroxidc  are 


shown  in  I-if^ure  21,  These  results  show  the  polarization 


passes  through  a minlLiuri  at  or  near  the  aaximuia  ccnductivity 


of  the  solution.  The  potential  current  curves  are  shown  in 


Figure  22  for  the  sarae  conditions.  The  static  valuos  follow 


the  dependence  of  the  Kemst  equation  on  the  concenti’atlons 


of  hydroxide  and  perhydroxide  ions,  the  moro  concentrated 
alkali  huvlng  the  lower  i-eduction  potential, 

Figure  23  illustrates  grapbicaily  the  behavior  of 


a x'ubber  bonded  electrode  iii  1 M NaOH  and  1 la  KOU, 


Tlje  ratio  of  the  slopes  of  the  linear  portions  of  the 


curves  cciapared  with  tho  ratio  of  the  resiativities  differ 


by  only  a fact  which  ut  first  may  seen:  aarpx-isin^  but 
which  will  be  explained  in  fart  iV,  On  the  other  hand. 


«,/V%  ^ ^ ^ ^ ^ T ^ O e'  ^ 


elactrode  in  i M LiOH  end  KOIi  indicates,  at  least  in  the 


mors  stable  low  current  raiigo,  that  the  iithi'jm.  and  potassl'um 


curves  can  bs  imposed  v/ithin  the  iiialtc  of  experimental 


error.  On  the  sarrio  graph  ia  plotted  the  curve  of  another 


elactx%}de  in  tetramethyl  ammonium  hydroxide.  The  conductivi- 


ties of  molar  lithium,  sodium,  and  potassium  hydroxides 
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Polarization  in  HaOH  and  KOH 
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A curve  of  sono  interest  (because  a straight 
Tai'el  line  bas  been  obtained  froc,  the  senilogarithraic 
plot-}  is  shovini  in  Figures -30  ard  51.  The  imusuaily 
high  concentration  of  0.88  M peroxide  in  6 M ILOii  was 
obtained  by  nixing  45}^  peroxide  with  the  required  base 
concentration  V7hlls  cooling  the  nixture. 

The  concentrations  of  both  the  peroxide  and 
hydroxide  were  determined  inssediatoiy  afsor  completing 
the  measurements.  The  oxchange  current  was  found  to  be 
4 and  the  Tafel  slope  we -5  0.01.  These  i‘o suits 


will  be  oiscussed  again  under  interpretations. 

o.  ElTects  of  oxygen  pi'assure.  ■ ~*The  effect  of 
c^tygen  pressure  on  cathodic  polarization  was  studied  in 


5K  KGH  and  0.01  li.  HaCa.  Pure  oxygen  at  1 atmo sphere 
and  air  with  a partial  oxygen  preosure  of  0.2C  utaosphere 
wer^  introduced  into  the  electrode.  The  curve  ot  0.20 
etrioaoheres  is  charact>^ rizod  by  a rapid  rise  in  the 
polarization  near  350  nia./cia.“  which  is  indicative  of  a 
limiting  current  (see  figure  32).  The  I’iab  curve  for 
oxygen  at  1 atmosphere  partial  pressure  is  predicted  to 
rise  in  a similai  fashion  at  higher  current  densities. 

f«  Tenipex‘atui*e  eff>9cts*  —Only  tent^'.tive  temper- 
ature aspcndcnce  nioasureraents  have  been  complets-d  at  the 
present  time.  These  indicate  a teraporature  coefficient 
for  the  polarization  of  approximately  0.50  mv,/®C  at  a 

p 

current  density  of  200  iii  an  electrolyte  of  5 M 


JVOU  pj.lAi3 


C.12  M HfiOs  in  the  range  21  to  >2''  C. 


auof  q.B.r  ouoo 


g.  Current  efficiency  of  pero^xlce  formation. - -> 
Using  tbs  cx’flciency  cell  described'ln"  Part  II,  a 
me-i^unsraent  with  a cathode  isade  of  polyethylene 
bomied  KuehCvr  C w«;3  r:pde  Ir  1 M KOH  in  the  pGr-oiide 
concentration  range  0.020  to  0.025  M.  The  experiricnt 
yielded  855^-87/b  for  the  currency  efficlGncy  of  peroxide 

n 

production  at  CO  Tua./ein.*'  — — 

Cathode  decay  traces . — Typical  decay  traces 
are  shewn  in  Figure  35  v/ith  the  ordinates  representing 
po'iential  and  the  absciseaa  tijiio.  Figure  33  illustraiea 
the  reference  vs.  anode  trace  while  Figure  33b  shows 
the  cathodo  vs.  anode  trace.  The  interruption  periods 
we.^«  200  itiiorosec  , in  lengths  The  decay  curves  ore 
plotted  together  ii  Figure  55c  to  indicate  the  sub- 
traction wbioh  was  performed  electrically  v;ith  the 
differential  arcpl.Lfior  to  obtain  the  tabulation  below. 

The  amount  of  vertical  fail  of  the  left  side  of  the  ti-uce 
is  indicative  of  the  cegri-a  of  reversibility  accnrolng 
to  Gr aiiscrs  Decay  values  for  the  cothode  rofsrencs 
trece,  are  tabulated  telov/  for  a catalyzed  and  s.n  un- 
cetalyzcd  active  carbon  electrode. 

Type  carbon  Decay 

Nuchai-  G 15  mv.  at  100  ma,/cm.‘^ 

(200  usee . ) 


Nuchar  G 15/o  /.g 


B mv 


?-i 


(a)  Cathode  vs  anode 


(b)  Anode  ts  reference 


V 


~ (c)  Cathode  ys  reference 


Anode 

vs 

Reference 

Cathode 

V3 

Anode 


Flg-are  33 
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Z,  Active  Carbons  Electrodes  with  Peroxide 
DQCCo^po3ln(»  Catalysts 

a.  Catalyst-3-  — The  poor  behavior  of  the  nncr.tiilyzed 
carbons  in  NaCh  solutions  has  been  romediod  in  largo  part 
by  the  tiae  of  catalyzed  carbons.  The  best  results  have 
been  obtained  with  active  carbons  treated  so  ns  to  give 
a highly  “intimate'^  embination  of  the  carbon  with  silver 
metal  or  cobalt  o.-ldc-  Of  the  tr/o  mntorlals.  silver  is 
suoerior  in  terms  of  daureased  polarization  and  low 
penetration  of  the  electrolyte  into  the  active  carbon  at 
both  high  current  densities  and  high  alkali  concentrutioric , 
Copasr  or  iron  proved  tc  be  of  eithisr  minor  or  negative 
benefit  while  pl^tinuir.  seemed  promifiing. 

Thn  optimum  araount  of  silver  wus  found  be  about 
ISf?  by  weight  of  carbon.  This  value  was  arrived  at  by 
means  of  the  rapid  tsst  method  described  in  Part  II. 

A compurison  of  the  outputs  for  electrodes  containing 
5,  10,  16,  26,  and  silver  b;*  weight  of  carbon  invdlcated 

tho  oxlstance  of  a minimum  polarization  at  about  16?a 
silver. 

In  order  to  increase  the  mechanical  strength  of 
the  silvered  carbon  films,  10b  rubber  was  incorporated 
as  the  binding  material . 

b.  Comparison  of  catalysts,  —A  cofupaidson  of 
polarisation  curves  for  the  uneatalyzed  active  carbon 
v/ith  bfv  binder  and  the  15;^  silver  activated  material 
indicates  the  superior  poi-formance  of  the  latter  (EigurebA) 
Figure  35  compares  tho  potentials  vs.  current 
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densities  for  an  vincatalyzed  carbon,  a coppei'-catalyzod 
carbon,  and  a platinvsn-catalyzed  carbon  electrodes.  The 
negative  potentials  for  the  catalyzed  carbons  are  the 
result  of  the  peroxide  deccsiposing  properties  of  the 
catalysts  iii  the  carbon  since  a non-oatalyzsd  carbon 
reference  electrode  “as  ”r.ed. 

c.  Cation  effects.  — The  evaluation  of  oossible 


difforsncsa  in  the  b^hnvior  of  various  cations  re<juizv?cl 
an  electrode  stable  enough  to  be  used  for  several  deter- 
Kilnatlona  In  various  alkaline  electrolytes,  dhixa  un- 
treated carbons  have  this  stability  only  in  KOh,  eleefcrodea 
prepared  In  the  asms  naraaer  containing  1£>  silver  deposited 
by  chemical  reduction  are  stable  in  other  basic  solutions 
as  wall  and  permit  an  observation  of  ary  diffareneea  in 
the  «»olutiona  touted.  la  Figur%!  3c  ahovm  a Com- 

parison of  polarization  cujrvoa  in  5 w KaOii  and  KOil 
solutions.  The  polarization  in  the  KOII  solution  was 
slightly  lower  than  in  the  NaOH  solution  at  all  current 
densities , 

d.  'Time  dependence,  ■^-raeasui'eruents  Indlcats  that  ths 
silver  electrodes  have  low  polarizations  with  little 


drift  at  currents  of  100  ma./cm.^  for  periods  cl  IP  hours. 
The  initial  polarization  always  droppod  to  a stable  value 
within  10  minutes  at  200  ma./cm.*^  os  in  the  case  of  the 
non- treated  carbons. 


Active  carbon  has  been  .-epiacod  Vif  ith  iron,  cobalt. 
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nickoi,  ami  silver  powders  as  a spray  coaV.inf;  on  porous 


graphite,  \iith  the  metals  the  proportion  of  binder  was 
reduced  to  2%  due  to  the  low  specific  volume  of  these 
satcriuls.  Oxygon  gt.s  was  introduced  in  the  sane  fashion 


as  with  the  active  carbon  elSGtrodes. 

The  rosults  ebtainsd  from  oil  these  mstala  have 
bssn  unsatisfuctory  since  the  polari;iations  were  little 


better  than  graphite  itself  with 
and  copper.  The  coppsi’  dess  not 


tho  exceptions  or  silver 
polarize  o.uccssively 


at  low  currents  but  dissolves  rapidly 
in  strongly  alkaline  solutions*  Elec 


at  highar  currents 
rodepoaited  silver 


gave  the  results  shov.n  in  Figure  37. 


Figure  37 
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A«  The  Overall  Reaction 
1,  Kodorri  Tnoorios 

Modern  theoricro  of  tho  oxyf^on  electrode  postulate 
the  reduction  of  oxygen  in  two  stages  at  nomai  terjpsr* 
uturoa.  The  f irat  stage  is  represented^  by  — 

1}  2o+£Ii  + 0^  — H^Oq 
and  the  second  by 


' O TT  __ 

c,  ,•  ■‘-‘fi'-  a 


2 H-0  4-  0. 


The  overall  reectior;  is 

6 ) Oc  + 4 H-  4 e — 2h'a0«. 

The  second  step  I3  not.  electrochemical  and  docs 
net  rurnish  ©Irctr-l-col  energy. 

2.  Causes  of  Misunderstanding  among  Original 

fi  -v  T'Cll©!**? 

Exi->erlr.isntal  data,  nn.ossed  during  the  first  .”>0 
years  of  the  tv/ontioth  century,  on  the  potential  of 
ti.e  oxygen  elect  rod  > were  iansatisfaetory^and  "led~to  the 
olahoration  of  co.vif  1 icting  Piynotriesaso  The  facts  v.-liicli 

evoked  questi  on  

n j ‘The  poLc.atial  of  tlie  experitiontal  oxygen 
electrodes  does  not  enmeseond  to  the  triooreti«ial  vrilDos 
exoected  cf  the  loliowing  I'oactions. 


I S\ 

i I 

t-i 


IU-. 


'J2 

4) 

Acid  media;  Og  + 4 I!^  + 4 

e —2  H3O: 

7,  0_  -i  r-117.00 

1 ■ — ~ X m £ t:  V . 

6) 

Koutrai  media:  Oa  4 K 

+ 

1 

0 

e^2  HaO; 

IL  --vO.&lS  V. 

G) 

Basic  media:  0®  + 2 HgO  + 

4 8— ^4  OH' 

E =-0.401  V. 

b ' Most  potentlaln  of  experimental  electrodes 


were  not  reproducible  and  had  a tsndonc.y  to  wander  over 

1 

long  periods  of  time.  Under  controlled  conditions  the 
e.m.f.  of  several  different  metallic  sloctrodes,  initially 
divernont , tended  to  drift  to  final,  more  or  less,  stable 
values . 

c- } A so-roe  of  much  misanderst:^ndinr;  wao  the  belief 


that  oxygen  electrodes  operated  in  aecordancs  with  the 
classical  tneehanlani . 


7} 

Oa ^ 2 0 

B) 

20  + 4e-»20 

9) 

2 0 + 2 Hj.O  — 

10) 

4 Oir  + 4 - 

4 m' 


-./tun 


Another  reason  for  the  confusion  war.  the  achievement 
o 

nf  ilaber  who  miticeeded  in  obtaining  the  tViCorctical 
e.m.f.  of  the  Os  — cell  using  platinuiv.  electrodes  in 
i:iOlton  electrolytes  at  big'"  temperatures . Tnis  result 
has  never  been  duolicatcd  ut  lev/  tei  iporeturc -s  >''y  immerulj.s 
experimentalists  working  in  aqueous  media.  Many  vain 
attempts  to  obtain  the  thccrctisai  value  for  tlio  Ilg  --Ojg 


cell  in  aqueous  media  'were  based  on  the  ignorancu  of  t he 


fact  that  oxyrrev. 


i5  first  r'Jduceci  tc  peroxide 


Abundant  evidence 


fron  tha  studies  of  the  conosicn 


of  metals  in  riolst  air  indicates  that  tha  reduction  of 
oxyf^en  is  probably  always  accompanied  by  the  formation 
of  ilgCa,  i.iodern  researches  to  this  effect  have  culmin- 
.'.ted  in  the  papers  of  -J»H.  Ghurc-hill  who  has  shewn  the 
formation  of  peroxide  to  be  'puite  , general  on  metallic 
surfaces.  Those  metals  which  do  not  exhibit  the  rormation 
of  IlsOs  are  excellent  catalysts  for  its  decompos  ‘ tJ  on* 

The  information  from  corrosions  studies  led  iiaber'“ 

ry 

independently  Lewis'  to  postulate  the  reduction  of  oxyifren 


in  two  sti-ffos  via  the  fon.iatioiti  of  peroxide. 

K.  Joi’nsmann®  ineaSuieu  the  static  e.m.f.  of  the 


oxygen  electrode  in  acidic  peroxide  with  a platlnxjin 
electrode.  His  value  of  C.GG'*'  .03  volt  is  in  close 


acresment  v;ith  the  theoretical  value  of  0,68  vo?.t  calculated 
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by  bowls  and  Handali  , Iii  view  of  the  excellent  thaoi’etical 

work  of  tiaber,  he’wis  and  and  ths  cmpli'icpl 

tgreemsfit  of  Bomswann*  3 experiiaents , it  Is  rathar 

tViot  later  workers  in  the  oxygen  electrode  field  did  not 

clearly  understand  why  the  theoretical  oxy/^eii-water 

potential  was  not  obtained, 

iieyrov&ky^*^  observed  that  the  reduction  of  oxygen 

at  the  dropping  rrcrcury  electrode  proceeds  in  two  steps 

with  hydrogen  peroxide  as  a postulated  intermediate = 

Latoi’  polarograpliic  worirers^^agree  v/ith  biin. 

Hydrogen  peroxide  v/as  found  to  be  prod\iQsd  in 

suiali  jiinounis  at  the  oxygen  electrode  of  Fisc'-'Hr  and 
12 

Kronig  during  electrolysis, 

1 3 

Lamb  and  i^lder*  showed  that  catalysts  which 
increase  the  rate  of  decomposition  of  peroxide  vvers 
desirable  as  cathodic  dopoisrizera  in  /-alvanic  cells 
(e.g.  platinum  black.  Iron,  pyrophosphate  ion,  coiiper 
salts,  and  active  carbon). 


^Lewis  and  liandall.  J.  Am,  Chen.  ooc,.  66. 
l'J-.'$  (1914), 

(19^4)  Keyi'ovsky,  Trans.  Far.  5cc..  19.  735 

.^^Kolthoff  and  Miller,  J.  Am.  Chem.  Soc » . 03 

(luroi.  ■ — — 

, ‘Fiacher  aiid  Krcnla:.  Z,  anorg.  allgem.  Chem., 

135,  169  (1924  , " 

(1931  X 
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-J*R.  Chur-cbllls  while  investigating  t'n^  i?or?oslon 


of  Tset-als.  observed  that  the  rats  or  produetlon  of 
peroxide  in  solutiona  of  varying  pH  was  increased  by 
waking  the  metals  moi^e  cathodic  by  the  passar.e  of  very 
small  currents.  Maas  action  effects  were  obsorvod,  g»a> 
it  was  found  that  in  the  case  of  aerv^ted  alumlrr-vn  wire 
liaraeraad  in  Kg 30^,  the  rate  of  production  of  peroxide 
was  3.nhlblt8d  as  t he  concentration  of  peroxide  was 
increased. 

Interest  in  the  cheap  comraercial  production  of 
14 

H2Q2  led  E.  Berl  "to  demonstrate  that  oxygen  was  con- 
verted to  HaOs  at  the  activated  carbon  cpthoOe  im- 
mersed in  KOH  with  current  efficiencies  better  than 
90^*  Berl  pi-cposod  the  following  ovorall  reaction  to 


accoixnt  for  the  observed  facts: 
IT  ) 2 H * O2  + KQIi  


KHOa  + HaO, 


4.  The  peroxide  Wechaniain  in  Basic  Solution 

The  final  proof  of  the  nature  of  the  oxygen 
electrode  ca'ne  with  the  extensive  measva-anenta  of 
is  .G.  Berl  . jls  assumed  the  reaction  in  nasio  solution 


to  be 


12;  + + 3K)r 


nuo  -r  un. 


Since  the  electrode  should  bohave  in  accordance  with 
the  Hemst  relation  for  tho  assumed  reaction,  i.e. 


(193S). 


E.  Berl,  Trans.  Elect rochsm.  Soc..  76,  359 


m 

(3.V.S 


(1945  ) « 
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]3erl  proceeciGd  to  lest-  tV>e  behtivlor  of  thf»  potential 
of  the  electrode  imder  varying  activities  of  OK"  and 
HOa  ion  concentrations.  His  experimental  I'esialts  have 


been  piothed  in  i'igure  3 in  lart  I ;u;d  ahow  the  linear 
relationship  betvveen  t he  potential  and  the  lot^arxthm  of 
the  HOs  ion  concentration  which  must  exist  if  the 
hypothesis  Is  correct  end  the  activity  coefficient  is 
assumed  ccnstcinti  The  non-lineai’  portions  of  the 
curve  are  in  the  regions  v;hex-6  the  KOa~icn  ccncontratlon 
is  appreciably  depleted  by  association  with  the  hydrogen 
icn»  T e cxu*vature  becomes  ap'parent  at  concentration 
ratios  of  pi.rc;-;ide  to  hydroxide  of  0,40,  This  effect 
is  a-parent  rven  at  a nil  of  14  or  greater  and  results 
from  the  slri-'.iiar  Mssociation  properties  of  peroxide 
and  water. 


The  differentiation  of  the  Sernst  equation  with 
respect  to  the  logarit'hra  of  the  reactants  yields  the 
slopes 


iE 


4 a. 
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£r 

O' ^-OH- 


T 


t-.-v  I \ ) 
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Ori  the  other  hand  the  classical  overall  reaction. 


14  ) 4 e + Oa  + SHgC  ^ OH* , 


yxoi.QS  "brie 


= 0 


w 

j e.^  X, 


— n A ! s 


llori  obtained  the  value 


isthe  average  f or  e ight  experimanfcul  curves  X'ron  0»10 


to  11  H KOIIj  and 


= -O..OZi 


This  latter  value  is  subject  to  errors  in  c-aicul-tl on 
sines  i3eri  did  not  have  the  activity  coerric-i  entc  of 


VAT-  ^ 4-  1-4  -V. 


inccnt rations  and  assuMed  tl'. 


Kordesch  and  tlartlnola^^-  i-wported  the  valu» 


fo 


^ />  yO'7 

<J  ■ U i-  ! ■f'  - 
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Thl::  val-ue  is  subject  to  uncertainty  reaultinp:  iron 
thG  lad:  of  a peroxide  control.  Tho  excellent 
ment  of  the  slopes  v/ith  the  theoretical  roquirenonts 
of  tiie  Nernst  equation  constitutes  an  additional  prooi 
of  the  peroxide  tlieory. 


15. 


Kordcsch  and  LjartifiOla^  Bioriataoh;  , b4 . Zii 


t •>  Qcr.-Z  \ 
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T . Hoar,  tree,  ^^oy.  Soc  ♦ (London )»  A.  142 
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n.  Tho  of  the  KoMOtion 

- . . . . --,114 

1.  The  Mechanisn  or  .i.u.  ijoij. 

Tho  nochani&in  proposed  by  borl  cc  explain  the 

reduction  of  oxygen  to  pernydroxldo  ion  is  as  follov/s. 

Two  steps  are  involved  in  the  reaction,  i.e. 

15)  Ox  ^ ® ^ ^ t 

IG)  Oa"  + ligO  HOa~  + Oh". 

A proton  exchange  between  a water  molecule  and  an  oxygen 
molecule  takes  place  in  ths  second  step.  Two  electrons 
ere  transferred  simultaneously  or  prior  to  t he  proton 
exchange,  and  an  oxygen  molscu?:.e  w ith  a complste  octet 

is  formed 
17) 


• 0. 

■ -J.  . . 


0 • 0 ^ 


18) 


0^0- 


HO  H 


.4 


0 


0 H 


Neither  of  tnese  steps  requires  the  fracture  cf  the 

oxygeJ^-  ^ bond.  Any  further  reduction  to  water, 

v.o  oC  t.he  0-.-0  bond  in 

however,  would  requiie  j 

the  peroxide  molecule. 

2.  The  Bratzler  tiechaniom 
1 n 


V tlv..  r>~ 

• — -i.  • - V -V 


oropoaed  that  nascent  hydrogen  is 


^®K.  Pi'?tzler,,  7..  Klektrochem_._,  od,  81  5.1950)* 
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formed  not  only  in  NiUGl  solutions,  bnt  in  ^trcnnlj 
basic  solutions  of  KaOH.  Tno  proton  is  obtained  frcn; 
water  ttes** 

19 ) e + w + liOH  — te — II  + OKT 

^ M Is  a the  nature  of  wblch  will  be  discussed 

later.  The  nascent  hydrogen  then  reacts  with  the  adsorbed 
oxygen, 

20)  2 M — H + Og  (ads.) — ►IlaOe  . 

This  mechanism  is  In  accord  with  the  mechanism  of 

w.t/.  DSi’x  ' in  that  It  also  does  not  require  tte  Tracturs 

of  the  0--0  bond. 

3.  Anodic  IilecLaril sm  of  liicklin^  and  v^iison 

19 

The  reaction  of  hickling  and  Wilson  for  the 
oxidation  of  aqueous  peroxide  at  a nic reelect rode  in  basic 
solution  v.'as  postulated  to  be  the  reverse  of  reaction 
(12),  l.e, 

X 

21  / HOa Oa  + tt  + 2 e 

22  ) OH" HOn  , 

These  reactions  tal:«_placo  more  rapidly  than  t ho  reductioxi 
of  tii8  hydroxyl  ion  and,  in  general,  the  rate  uf  the 
reaction  v/as  found  to  be  governed  by  t 'e  dirfuslon  of 
the  riOg  ions. 


■^Kickling  and  bilson.  I'rana.  Llectrochejn , Soc, 
98,  425  (1951). 


tMMWiiammliNnomWIItllinuiSS'WlllfitCSte,;; 


6* 


A A. 


4-  The  «'5r^  of  Toub-  on  foi’oxide  with  0^^ 


20.  21 

Taubo  eji-'i'  » who  navo  studiea  deconi- 


po3ltlon  of  hydro'ren  pero;;ido  usinr^  0 ao  a ti'acer,  fine 


tliat.  exchar^’O  botv/esn  ay  sterns  involving  the  peroxide  0--0 


bonds  and  water  occurs  only  slightly  if  at  all  in  acid 


solution.  According  to  these  v/orkorc  an  oxidising  agent 


functioning  by  the  reraoval  of  electrons  strengthens  the 


Th\?s  it  1 <5  probable  t-bat  in  tho  chemical 


oxidation  of  noroxlde  the  0 — 0 bond  is  never,  broken. 


Generalization  or  tiiia  lacv  can  oe  exveiiucu  i.o  i.rio  rovei-s- 


ible  oxygen  electrode,  i.e.  the  oxygen  molecule  Is  re- 


duced to  pcrc..iido  without  rupture  of  the  0 


f t-Vift  O 


h.  Discussion  of  Lechanisjcis 


The  Hrutsler  mechanisiii  ” cannot  be  discounted 


because  at  finite  overvoltages  even  in  basic  solution  a 


definite  quantity  of  hydrogen  must  be  liberated,  but  the 


contribution  of  tViio  hyd’-ogen  to  the  current  nay  be  small 


and  r-esi-r.l  cted  to  zones  where  the  oxygen  pro.esure  in  low. 


The  fieri  nechanisra,  on  the  other  hand,  receives  suopoi't 


from  the  reverse  reaction  of  Hicklin^  and  vVil.non  since 


in  the  migration  of  the  IlOg  ion  to  the  anode.  It  shoixld 


oe  r.he  negative  oxygen  side  oi"  the  ion  which  approaches 


the  positive  site.  The  removal  of  electrons  and  proton 


■^Caiilll.  and  Taube,  »t.-  Mt'.-.  Ghera.  ooc  . . 74  , 2312 


Hunt  and  Turbo,  ibid. . 74.  599y  (1932). 
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may  be  s.lnoat  airauitaneouc  in  e,  push-pull  play  by 
the  anode  site  for  electrons  on  one  hana  and  Oil'’  Iona 
for  the  protons  on  the  other.  The  oxy-sn  molecule  Is 
left  In  a physi-adsorbed  state  In  equilibrium  wl  bh  the 
oxygen  dissolved  in  the  surrounding  solution  and/or  gas 
phase  oxygen. 

c>  The  Role  of  the  Electrode 

The  active  material  in  an  oxygen  eltotrodG  servos 
to  dollvoi-  the  oxygen  t o the  active  sites  and  aur.piy 
the  elections  required  for  the  reaction. 

The  Ideal  eloccro-uu  Mould  possess  infinite 
ath.orptive  power  for  oxygen  and  at  the  same  time  would 
have  a v:nlfonniy  pervasive  system  of  macro  and  micro 
pores  to  deliver  the  oxygon  efficiently  to  the  reaction 
zone.  Llectricul  resintivity  would  be  zero.  In  order 
to  obtain  an  inxiis'.iteu  niUubor  of  reaction  sites  the 
surface  area  would  approach  Infinity.  In  this  connection 
ti,e  throe  phases  acne  is  dlscucsel  nelos.’. 

1.  The  Three  Phase  Sene 

The  low  solubility  of  oxygen  In  aqueous  solutions 
limits  sevorly  the  amoxint  of  oxygen  that  can  diffuse  to 
the  rogion  of  the  carbon  at  which  some  form  of  adsorbed 
oxygen  is  clectrcchcmicaliy  converted  to  peroxide. 

In  vievy  of  toe  relatively  amall  polarization  even  at 
high  eurrunt  densities,  it  is  convenient  to  postulate 
tho  oxistonco  of  ai;  ill-defined  throe  phase  zone  in- 
volving a gas  phase,  solution, and  solid. 


The  work  of  Br&tilor  supports  t-’ne  hypothesis  th.  t 
the  three  phase  r-egicn  is  « function  of  tlic  surface 
area,  and  Indirectly,  the  pore  structure  by  obtaining 
lov/er  polarizations  with  increased  subdivision  of  active 
rbon.  Binders  tend  to  deplete  the  amount  of  three 
phase  zone  by  occlusion  of  the  pores  and  surface ^ 
.Vetproofers  in  excessive  a>aounts  likewise  are  deficient 
although  they  arc  designed  tc  cr^hance  the  amount  of 
three  phase  zone  v/hen  oreaent  in  the  proper  amount. 

The  porosity  of  the  carbon  p>emits  the  oxygen  t-c 

diffuse  to  the  regions  whsre  the  electrochorilcal  reaction 

reduces  the  concentration  of  adsorbed  oxygen,  “lie  surface 

mobility  of  physically  adsorbed  oxygen  may  flso  contribute 

to  the  transport  of  oxygen  to  the  sites  of  the  electro- 

chemical  reaction  in  the  phase  zone.  A minimuin  oj^j-ren 

pressure  and  surface  tension  prevents  the  udsorplicii 

of  the  elsatrolytos  into  the  active  zone  by  capillary 

aetion.  In  this  ooruiection  ox^’ -on  diluted  v;tth  rdtrc'er 

5h<n>ld  tend  to  prevent  wetting  in  oxygen  starved  zones 

22 

according  to  Woj sz  and  Jaffe,  it  is  probaoie  that 
fluctuatinp-  electrcea^  iilari  tymid  oxygen  pressure  enuse 


i-auxd  chanycG  -.r  ciie  rcrce  puar.":  7.;sr..: 


^ ^ T 


Fov/dcrod  inotais  uiiu  rrafnile  differ  fr'-V'  active 


carbon  in  their  electrode  3-,>ropertie3  because  or  surface 
aroa  among  other  f.ictors  (catalytic  sites,  inertness  etc.  ), 


l-ioisz  and  Jaffe. 


Trans.  Elerhropppff.^  Soc... ; 93.  128  (194® 
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The  active  car-hcn  particles  c.pe  unique  In  that  they  possess 
hlgtxer  anrraoe  areas  (frois  2-20Q0  Mf/". ).  The  cor»tac+  -one 
between  the  internal  pore  structure,  where  hi  ^h  T *3,0* i con— 

centratlcjn  cars  exists  and  the  ejrtemel  surface,  bathed  by 
electrolyte,  be  the  region  where  the  najcrlty  of  elec- 

trochemical reaction  oco‘ui-a,  1« e,  the  three  phase  sene. 
Metals  and  graphite  might  not  possess  such  a region  to  any 
appreciabie  extent . 

The  practice  of  watproofing  an  electrode  material  la 
dsslfc'^ied  to  increase  the  three  phase  .oone.  Oftexi  the  wet- 
jiroofer  may  alee  function  aa  tho  binder. 

2,  Binders 

The  p.irpose  of  a binder  Is  to  bond  ths  active  carbon 
material  into  a torn  suitable  for  use.  If  the  ectl’/e  ma- 
terial is  formed  in  a massive  state,  -chere  is  no  need  for 
a binder j 

'Hie  ideal  binder  would  have  certain  propertie:^  which 
are  only  par’;ialiy  fulfilled  by  actual  materials.  Thnga 


are : 


(1)  A los  aleetrlctii  resistance- 

(2)  Only  a small  cj'sount  should  be  requii'ei  to  form 
& sufficiently  ri{?id  naas. 

(3;  it  Should  add  to  rather  than  detract  from  the 
porosity  of  the  bonded  product® 

(4 ) It  should  hs  chsrJ-cally  inert  to  both 
eisotr-oiyte  and  oxygon. 

(5)  It  should  posaeas  inherent  optiiausi  v;ctproof- 
ing  properties  in  its  structure. 

The  amount  of  binder  most  commonly  employed  in 
the  present  worK  v;as  bjS  by  v/uight  of  carbon  for  highly 
activated  200  mesh  or  finer  mnteriaia.  Tliis  amount  was 
chosen  because  it  is  the  minlmura  amount  which  gives  good 
adherence  and  sufficient  wetproofing.  Higher  proportions 
of  binder  give  more  adherent  coatings  but  result  in 
higher  electrical  resistance,  decreased  three  phase  area, 
and  the  leduolion  of  the  porous  sti^cturo  of  the  electrode- 
As  G general  rule,  the  amount  of  binder  should  be  pro- 
portional to  the  specific  volume  of  the  active  material. 

As  has  liesn  described  in  Part  III,  polyethylene, 
rubber,  pclystyrane,  and  ethyicolluloso  have  been  tested 
as  binders. 

The  properties  of  polyethylene  are  somewhat 
different  froo  most  other  binding  5 in 

is  soluble  in  aromatic  organic  solvents  v/hen  hot  but 
forms  a susuonsior.  of  fine  particles  when  couled  to  room 


9: 


tecrporature . Carbojj  layers  preparfr.;  with  this 
material  a.vo  blnhli?  poruua  due  to  the  interspersion 
of  the  particles  of  plastic.  Ar.  electron  cd.ci’'_v:;iaph 
has  shown  that  the  carton  particles  are  ojily  partially- 
covered  with  too  plust^c  '.vriieh  pen.-its  a j.arp;or  t'orco 
phase  area  to  eiiist.  The  adherence  of  polyethylene 
bonded  materials  is  not  p;ccu  Locauso  cT  t;  e particlo- 
like  nature  rather  than  rilri-iiko  nature  o.C  the  plastic 
as  it  ds  used.  The  excellent  v/ate  r and  alkali  repellent 
properties  or  this  material  are  a dii’ect  consequence  cl' 
its  hydrocarbon  str-ucturo~  arTid  arc  ccin^jar-jhlo  with 


paraffin  (a  commonly  snployed  wet. i roofer } . 
WC.1  read  stance  of  tho  polyethylene  curbo-ns 


* n o T o if^ 

ai-e  somewhat 


blghei*  than  those  bonded  with  othcic  mnterlals  due  to 
vhe  manner  in  which  the  plastic  p-'crticles  separate  the 
carbon  particles. 

Tur-e  crepe  rubber  i»  a -very  sati£.l'actory  bindin,-; 
ttfjent  fi*or:i  several  standpeints.  It  forms  more  adherent 
coat-incs  thmji  the  pi  lybthyleho  fre-r.,  the  sane  ai.io.int  of 
naterial  employed,  and  the  layers  aze  coijicwhut  riexibie. 
The  raaterlal  docs  not  have  quite  t^lic  degz-co  of  wet’- 
proof iiig  action  possessed  by  the  previously  raentlonad 
material  but  it  i®  quits  stable  to  alkali  at  all 
concentrations.  A small  amoiont  of  polyethylene  or 
paraffin  inccjrporated  in  tho  mixture  should  augment 
the  hydrophobic  cheractoi’istlcs. 

Polystyrene  showo  excellent  resistance  to 
atx-ong  alkalies  and  gives  quite  firm  .’.ayer.s  of  active 


cai'bon 


The  polarisation  sseina  tc  be  higher*  for  this  matBriai  ocfnpnrad 
to  tho  other  bindore  when  used  in  the  came  proportions,  ^his  is 
possibly  due  to  eonie  property  ot  the  polyrasr  which  causes  it  to 
plug  tbs  poree  of  the  carbon  or-  coat  the  nertlclos  ciore  completely. 

Ethyicellulose  was  icond  tc  bo  suitable  for  static  measure- 
Tsents.  In  the  ceso  of  high  currents,  measurements  could  only  be 
aada  for-  short  periods  of  time  because  the  alkali  begins  to  hydro- 
lyse the  i^iastic  and  the  carbon  layer  m&s  scon  destroyed. 


3,  Ti:<d  Electrochemical  Sites 


Two  tspes  of  sites  ai-e  probably  available  with  active  carbon 
for  the  electrochemical  reduction  of  oxygen  to  peroxide:  choml- 
adserbed  oasygen  end  physl-adsorbed  oxygen.  The  co-existence  of 
both  cheml-and  phyei-  adsorbed  oxygen  in  carbon  is  well  substan- 
tiated by  various  typos  of  gas-adsorption  studies.  The  eleotro- 
cheralcal  evidence  favors  the  hypothesis  tiiat  the  physi -ad sorbed 
oxygen  is  the  species  Involved  directly  In  the  formation  of  the 
peroxide-  This  evidence  la  as  follows: 

1.  The  relatively  small  activation  polarization  associated 
with  the  oxygen  cathode  la  usually  more  characteristio  01'  a 
physical  rate  pi-oeesa. 

8,  The  relatively  small  tmparature  coefficient  of  the 
cathodic  polarization  Implies  a physical  activation. 


Tna  race  enau  2.  a 


0-0  bond  Is  not  broken. 

Further  information  concerning  the  nature  of  the  sites  for 
the  eleotroohemical  reaction  on  active 


oonlng  ITODI  woi*K  xnyu,i.va.x«^  iyii6  ooa'4  oIa^Ioh  Ot 
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tion  data  with  polarization  measursaenta  and  the  us©  of  oxygen-l8 
in  tracer  and  fractions t ion  stxidles. 


/ 
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D.  Catalytic  Doccnucsltjon  of  leroxide 


1.  iicohanism  of  Peroiide  ueccpfnposlticri 

24 

DiJib,  Laxer.dals,  George,  and  liar-gr-uve  have 
presented  experimental  evidence  which  supports  most  of 

OC 

the  ii-bcr-V.eiss  mochanlsnj  for  the  simple  iron  catalyzed 
decomposition  of  pero:';ide  in  acid  solution.  This 
mechanism,  modified  to  fit  their  kinetic  studios  more 
accurately,  is  as  fellows. 


I TT  r\ 

fit.  A’O  T £iQ\jQ 


/^?T  a-  ATT 
V © * vxi  • wix 


4-  ^ 

b fe  + on 


+ ++ 

Pe  + on  ■ 


The  reaction  25a  results  in  one  reduced  oxygen  atom. 
The  OH  free  i-uuical  nay  i*eact  along  the  alternative 


routes  «^bb  and  25c,  the  rates  of  which  depend  oi.  the 

* „ ,,  ..  ++ 


concentration  of  the  i'‘e  ion.  Oxygen  . s formed  through 
the  two  reactions  2bc  and  250  with  25<i  a competing  path 


lyji,-  the  i'c»ulcai  iiv-a.  ..iiun  the  I'atlo  of  the  i eiTic  ion 


tc  lerrous  ion  remains  constant,  two  moles  of  v/?.ter  and 
one  raole  ol'  oxygen  are  produced  largely  tnror.gh  25a-  25c, 
and  r 


Oarb,  haxeridsle,  George,  and  Hargrove,  Trans , 

pyiv  4*7  flCiC-l  \ 

25 

Haber  and  Vs'siss,  xi’oe.  Roy.  Soc.,  /ii47,  332 
(1934).  
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Since-  the  si^pia  cbanical  deconposltion  of 
ufsi’oxlde  yields  t’-vc  soloculog  of  v/atoi*  and  ons  inoleaulD 
cf  oxygen,  the  hr.it.nce  of  oxidation  and  red-  ction 
processes  (autc  reoox ) is  equal.  At  an  eieotrodo,  unless 
an  autc  redox  reaction  is  unbalanced,  the  net  process 
yields  no  cleotrochier.iical  ensr^^y. 

It  is  possible  to  generalize  the  mechanlsn  25  to  other 
redox  aystaris.  The  raest  interesting  of  these  will 
be  these  charscterizocl  bp  a nc, -stive  free  enerp;y  chanp;e 
and  a low  activation  enerpy  in  each  reaction. 

The  mechanism  is  applicable  to  hctcror'-eneous  as 
well  as  homogeneous  systems.  In  particular t he  15^ 
silver  catalyzed  carbon  electrode  surfeco  in  basic 
oolvt-l'hn  may  behave  f uai 

Agoi:  -r  on 

»t  r\  . fTr\ 
i»8V  -r  llOg 

Ap  + HO3  + OK 
Ac  + Og,  + ilgO 

In  any  event  the  silver  ; cts  as  an  oxidation  roductioii 
catalyst  for  the.  chemical  decomposition  of  the  peroxide. 

2.  Catalytic  1 lectrochercical  Heducticn 
of  Peroxide 

The  catalytic  reduction  of  peroxide  would  m:;ke 

avuilable  the  elec  troc^mro-:  rhI,  energy  of  the  peroxide » 

22 

Tho  I'sport  cf  .;eisz  and  Jabfe  " that  elefitrochamica?. 
reduction  of  peroxide  docs  not  occur  iii  basic  sol’Jtion 
was  based  on  graphite  and  merenry  sur-races  and  not  on 

Aiiioi'ciCGs  v;ii IcVi  V?  otjIoI  yz^  i’O^'uc vion  ol*  “-iTor'idSs 

Tho  iro"  'y.  — < - c r-  ’•'«=r>o“^de  at  the  norcu''r7 


2r;)n  a.  iJ.^Ca 


nt«  i »'  n. 


C ArOH  + HOa  ^ 

d ArOIl  ilOg  - — — ^ 
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micro  olechT-o^’e  In  0.25  1.  h^SO*  obeys  a Hai^r 
2b 


’..eigs  mechanissi  accordlnf;  to  Kolthoff  and  Parry 

l.e. . 


27  }a  Fe 


+ + 4^  -• 

Pa  »-  OH  + HO 


1-  HO  + H,-t0j5 
C HG  il'20g 


ligO  -♦• 

Og  + KgO  + 110 


Fe  + 

HO  

+ + ■4- 

Fs 

TT  e 

V O 

Peroxide  is  converted  to  a reduced  hydroxide  ion  and  an 
OL  radical  in  27a.  The  radical  may  ].«  reduced  to 
hydro.-iid©  thr*cu(,-ii  C7d  or  it  may  form  iiCg  and  thereby  Og 
thrcugh  27b  and  £7c . The  e < ectroeViwmicul  step  is  270, 

Gince  there  is  a predominance  of  reaction  27a  and  27d 
over  the  oxygen  fori;:iiig  reactions  £7b  and  27c,  some 
elfcctrcahomicai  reduction  occurs. 

it  is  likely  than  an  excess  of  oxidizing  or 
reducing  action  over  the  other  must  always  occur  because 
catalysts  do  not  exist  vaiicn  hav'!;:  equal  free  energies 
in  the  reduced  anc.  oxidized  states  unless  the  concentration 
ratio  of  t^e  oxidation  statos  has  been  previously  ud justed, 
if;  a closed  elect^'ochcmicai  circuit  this  state  of  conditions 
will  afford  olsctrocheriical  energy,  Theri^fore.  coincident 
wish  the  Berl  pi’0(’es::'''^s  there  may  be  electroc3iei:iical 
reduction  at  the  dynamic  oxygori  catl  ode  in  bac-ic 
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Kolthoff  ana  Prrry,  J . i.:Ti . C liera , 5 c-c ^ . 73. 
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£olui;.io:n  even  in  the  presence  of  excess  oxyr,Qn, 
a procc':55  '"ould  i;-Or.>ult  in  en  Increr.sinp:  rcduct-Icn 
potenti-al  v/ith  in'':-**.  ..innr  peiv-.xide  concontrtiticn  which 
ic'  a r-cspohse  ccntr-t>y  to  the  Berl  mechanism. 

- --  3.  :;at:-2T."r,d  Carbon  hloctrodes 

a.  i-fi'eot  on  polarisation.  --One  of  the  simplest 
explnr-atior:.'!  j'or-  the  dcci'oascd  pGlarizaticn  s?. oc iatt'd 
with  vhe  r.en'i'nd  A.w  cojilalnin^  active  carbon  cathodes  ia 
as  foiJ.svrit  . _ 

<;oth  OoQ  and  are  good  cataljrats  for  the  catalytic 
dwCOiiiposition  of  peroxide  in  basic  solution  v/ith  the 

perhap:;  somevdiat  bettei’  than  the  GoO.  The  cxypen 
llboratad  through  the  clscompositloR  of  the  puroxide 
' 'ecc:;;:-;;-  aval  lob”,  a for  eisotroohemical  reduction  in  the 
third  stage  of  the  processes  shown  below, 
dt  }a.  HgC  + O2  ■■  '5  ■■  i 1.*^^  Hu2  uK 

b B;)r“ d^(irr:>^y/2  Ob  + Oir 

c l/f  O-  reaction  (a)  rr.peats 

p ii’O'.- e s s H tuey  ii'OC^'Oae  unCxj.  i^*,jO  oxygon  x»3  c^iva. 

reduced  to  Vvydrox-laa  iens  rather  than  neroxide  ions. 

Thir  wili  ros'.'it  in  the  hr*an3for  of  tie  sane  nvwnl. er  of 
elec  t rc'-ic.  per  ox:Y>o.n  Wiolocule.as  in  tho  direct  redo.-,  ti  on 

oH  C4C ^':C'  i'L*''*c3. z’O”. *i0  i.oriS^  ."Lc^s 

S9  ) C-  s-  2 thO  - 4 e > 4 Oli"' • 

t'bio  ciecrease  in  the  peroxide  concentration  ac  the 
elec oi-odti  surface  aiuo  reduces  the  concentration 
pcjlarc: satior.  boa  ma.j  - extent.  Tuo  unsatisfuutory 
bohnv.lor  of  tns  ocopbr  ti’oated  Of.rb-ori  ;na‘v  be  e-cplalnoci 
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log 

on  the  b'-isia  of  tbo  solution  of  tho  opper  in  the 
electrolyte. 

hloctrones  In  which  tho  poroxido  dGcorr.pooin;? 
catalyst  has  been  incorporated  fay  electrode  posit* on 
are  not  as  satiai fctory  as  the  iir.pr-egnated  tyr-a. 
Eiect.'cdee  r/hich  h^ve  been  externally  platinized  fay 
elcctrcdepoaition  tj}:ow  luaaj.-  wwloxiaatlon  but  do  not 
blow  the  penetration  of  the  electrolyte  in  UaOH  at  high 
current  donsitias.  The  external,  layer  of  platinum  must 
bo  quite  thin,  as  an  excess  will  block  off  too  much 
of  tho  active  three  phase  area  of  ti.e  electrode. 

b.  Penetration  of  electrolyte,  --ih-.o  carbons 
containing  GcO  and  Ag  do  not  ahow  the  rapid  ponotration 
of  electrolyte  and  destruction  of  active  curbon  films 
common  to  r>on~trcatcd  carbons  when  used  in  HoOli.  This 
phenomenon  seems  to  be  connected  in  some  way  to  the 
presenoa  of  tl-e  peroxide  which  is  fomivd  in  the  clectroc 


process. 

Tt  5. s knov/n  that  tt;o  sedium  salts  of  tho  - eroxldo 
formed  ar-s  less  adubls  and  more  unstable  than  the 
corresponuirig  potaaslum  ones.  Sodium  peroxide  may 
precipitate  within  the  active  carbon,.  The  poaslulity 
also  exist.s  that  the  destixiction  of  the  carbon  is  brought 
about  through  the  release  of  largo  oxygen  bubbles  v/hen 
che  concentration  or  the  sodium  paroxiue  in  oho  uoi-ob  oT 
the  carbon  becomes  high  enough.  The  presence  of  poroxids 
decomposing  catalysts  in  the  carbon,  or  an  increase  in  tho 
temperature  of  the  elootrelyte  would  deors&se  the 
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diina/te  Ci  the  electr--'?-"  -y  crrectlrig  a uriifonn 
decomposition  of  the  peroxide  as  it  is  foiTued. 

The  peroxide  decorapoainr.  cotJ-lyets  are  more  suitable 
for  this  puri)OS8  ainco  a high  temparaturo  might 


soften  the  binding  riatcriai. 


Polarization 


1.  Goncontration  Polarization 

a.  Diffusion  United  oxyrren.— The  major  source 


of  pclarizat^on  originates  in  concoi/itraticn  pclarlzat xOn 
which  often  masks  cne  activation  polarizut ' r.r>  unless 
precautions  are  ta’.ien  to  nirilnilse  it.  V.’eisz  and  Jafio 
have  ahoiWi.  that  the  diffusion  limiteu  flow  of  oxygon  was 
rate  detemlning  In  their  zirc-nctivatsd  carbon  i.ir  cells. 
For  a rectangular  block  of  thickness  x,  the  perpendic- 


ular diffusion  oi  oxy^C'ii  XoliOw*ing  .icx  — law  may  bo 
written  approximately  q.s 


/ fTi 


TT*'"  ~ *^1  ~Z-  i 

0~  (,  f'  ^ 


V''’it3vS  ^ g t-iiS  d*  ox''Tr*cii  £*Xov?  ’poi'psr^tiicuXs.X’  t}0 


tin  face  of  the  block.  is  the  diffusion  coefficient 

-P  wl 

of  the  oxygon  in  taoles  om.'"  atm.  seci',/*  is  the  arsu  of 


ihe  block,  activity  of  oxygon  on  the  air 

V ‘72- 


side  of  the  block,  and  .4ti)is  the  activltv  of  oxvrren  on 
the  electrolyte  aide  of  the  block. 
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Ii'  eacn  oxyr:or.  la'-locule  iu  ultln^tsiy  r.-edLic«d 
to  water,  tiisn  the  totul  ciuivalents  cf  current, 
fljvided  bv  4 13  equal  to  the  oxyf;en  flow. 
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0.  A ffi&thenatical  interpretation.— The  analysis 
of  cencentration  polarization  her.  led  to  the  mathematical 
afcudv  oresented.  below.  This  dcvoiO  imont  is  based  on  the 


peroxide  necharma.!*. 


Under  reversible  conditions,  equation  (13;  is 
applicable  at  the  oxy<-;en  electrode. 


32)  t^.. 


— TT — “ 


Wi.oi'e  E®  is  tliO  standard  potential  of  Ve  electrode, 

E Is  t' e reversible  lalf— cell  potential,  and  a,  j.s 

rev. 

the  activity  of  the  species  in  subscripts  at  tVis 
electrode  Gux’faco  and  in  iin>  bulk  cf  t.  o solnticn.  Under 
irreversible  cathodic  crnditlcns,  it  is  assumed  that 
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where  the  ir  rcfov  to  t he  irreversible 

dynamic  oonditionri  at  the  electrode  aurraco. 
activation  polari^u fc.lon  is  not  considered  in  equation 

/ V.  'Z  ' 

According  to  equation  (51),  the  activity  of  oxygen 
at  the  electrode-electrolyte  interface  1°  giver,  thus: 

54)  1^);,-“  ~ 

where  n represents  the  uvevaf^z  number  of  electrons 
taken  up  by  ail  ir.evi  species  and  varies  between  2 and  4. 

I is  t:.e  cur  ant  den&ity,  kj.  and  is  the 

acitvity  o.t  at  the  interface  in  the  absence  of 

polai’lsing  current.  The  quantity  is  tf.'e  same  as 

in  equation  (51). 

In  the  steady  state  at  any  give:-,  current  density 


v/hore 

poj*  cm?  lit  the  interface  v.'ith  time,  K is  a first  .-'rd-'-.r- 
rate  constant  for  the  decoir.y ooitlor:.  of  ;'ero.xide  ahd  is 
specific  for  any  given  solutior>  end  the  'notorogencous 
catalysts  of  the  electrode.  Dg  is  the  dlfrusion  cooffio- 
ient  cl  ti:o  peroxide,  and  o'"  1»  the  effective  t 'cknoes  or  tha 
diffusion  layer,  hlectrolytic  transport  has  been  neglected 


IL  .lo  assuniiad  that  oxygen  mo'v’cc  only  by  diffusion, 
lindox-  oon.vt'ntion  an  additional  pies  sura  rranient  ieiiii  would 
be  added r 
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in  equation  (35);  hence  this  equation  5.s  .limited 
to  conditions  for  v/hich  the  transference  number 
of  the  porhydroxido  ion  at  the  cathode  interface 
very  6iv'.<.ii,  If  oiiis  equation  is  solved  for 


, there  is  obtained 

'Av-i  ff' 


^ Vo 


3G 


or 


„ X A,  \ ^ J.  T 

•'  i~A4-V 


where  kg  - 1 

2F~nr-  Da//) 


and  k,  s 


The  equ.atior.  for  Oir  ions  in  the  steady 


state  is 


= Q 


2F 


whe re  / i a the  r;ittt  of  chsngo  of  the  OH”  ion 

/?  V~ 


per  omi."'  at  ii-e  .^nterf-ice  v/ith.  time.  Is 
the  diffuoion  coefficient  for  tho  011“*  i^n.  and  t 


is  tjio  transferencs  nur..er  of  the  CH“  loriS. 


^arises  bcc«'-use  each  HO®  ion  decomposes  to  one 


iiliCi  .1. / wiiv.A^rCXi  i/iiU  VtUXlil 


on  the  OH  ion  concentration  , this  dependence  !« 
nc.-^iccted  i^ur  the  piKcqiose  of  shnplifica'cicn  on  the 
oasis  that  docs  not  differ  too  much  from  (<2^^^-) 

J.r  equation  (bb)  is  solved  for  , 
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If  the  ftctivity  o^  the  porcxld©  in  the  bulk  cf  the 
solution  small,  which  is  ^onerslly  the  ease 
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interface  may  also  diner  appreciably  fi:»or;i  that  in 
tne  bulk  of  the  golutinr.  because  of  dl f ferariceo  In 


the  concentration  of  the  cation  (pot-agsiuro  or  sodjnc’} 
as  well  as  the  anions  (hydroxids  and  perhydrcxide ) - 
This  variation  in  the  activity  of  water  may  bo 
calculated  by  means  of  the  Gibbs  -Dubem  equation 
vsThlch  in  differential  forra  is 


vhore  n is  the  number  of  molos  of  the  species 
Indicated  by  the  particular  sxib&crlpt  and  a_^  is 
the  actlvit"'  of  the  catior-  Ion.  Ihe  limitation  has 
already  b£on  imposed  that  the  ratio  of  porhyarc<xide 
to  Hydroxide  bo  small  conpared  to  unity  insfjlGot  of 
electrolyte  transport  of  perhydroxlde  iensK  Hence , 


the  concentration  of  the  cation  i«  subatant 
sane  as  tho  hydroxids  in  concentration, 
fn  this  bUHis,  = n^pj-  and  (a^ 
rdiare  _j_  x>ns  ino&n  activity  for  the  base 
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In  the  present  caic’-ilat^. on,  tho  raoan  activity 


’^iil  bs  assumed  equal  to  the  actlvlLy 


of  the  hydroxide  Ion.  This  opproxltnati on  is  not  drastic 
in  as  much  o.s  there  is  considerable  soH'  conpensation 
involved.  The  intc/rrsted  from  of  equatior. 

(43)  is  then 
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The  limits  and  is^t0ir)tr 

established  fro^^  cQuations  (42)  '.nd  (37)  respectively. 
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Tho  polar-isation  b&  defined  +,hus» 
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where  ^ Is  the  concent^^. tlon  polarisation.  Snbstitutlnp 

^ i.'  . , fci 

iOi  xr.  and  rev.  one  obfcn'na 

h = 0,03  j Ati  'y^'''C  -f-Xf* 

A q 


Usint;  (54  J,  (57),  {i2),  and  (45), 


ne  obtains 
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thG  curi-enc  la  ths  pciarisetioi  ' ' 

noz  3ozH>  but  approxiiaatoly  0,03  log  kc,  which  is-'  v3 
( I and  negcti’re.  The  signiricance  oi  this 

t..  V 

nsgati’/o  polarl^cciori  ia  that  the  electrode  oa  aes  the 
decccipoaition  of  percxide  which  resultsin  a potential 
less  th'an  that  predicted  themodpnamically  on  tho  basis 
of  the  activities  in  t he  bulk  phase. 
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If  the  latter  equation  ia  dif lerentiated w itn 
respect  to  i,  ono  obtai.os  the  slope  for  snaii  values  of 
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In  concantratlon  ranges  where  the  rA-TTsber  of  molc.e 
of  ^v'-ter-  is  large  and  equation  (5C) 

reduces  to 
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'^he  slopes  as  tho  current  goes  to  zero  are, 

therefore,  inversely  dependent  on  the  activities  cf 
OK  ^ HC”  , and  the  oxygen  prov5ueri  the  -';  ssurdpticn-s  con- 
coi'Tsir;^  the  activities  and  difitision  theory  previously 
aentlonod  are  valid* 

If  each  terrn  cf  (50)  is  plotted  vs. I on  the  assuiapt  ion 
that  all  other  terns  are  either  constint  nr  rioglii^ibly 
saiall  and  the  ucbxvity  cf  vvat-or  la  constant,  one  obtains 
the  curves  In  Pl^rarc  58.  The  curves  of  '/j  vs.  I Indicating 
the  hydroxide  and  peroxide  concent  ra  ti Oii  depenueuee 
flatten  logsritlvnlcally*  Curves  of  ^ vs.  I for  variable 
cxygan  activity  cx.'iibit  the  rapid  upAvard  cliirh 
churactei'istic  of  dlfruslon-1  inti  ted  polarographic  d.^rves 
Miili-d  the  roKxOiia  of  1 nxv  current  dens.i-ty  aro  ilav. 

'me  rapid  vert  ical  ut>^'-v?cp3  s.";,'x:i|rLuLlu  vt-iluinia  o£ 
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decreasing  activity  of  the  HO^  ion 


polarizing  current 


n 

1 

s 

4- 

« 1 

increasing 

Jh  i 

T*  1 

activity  of 

b 1 
cd  1 

1 

OIT  VO  An 
V 

^ 1 

^ i 



I 


/ 


polariziiTig  curz‘dnt 

Curves  of  the  Ctunp-oaonts  of  Concentration  Polarization 


* A 


*9 


..O 


I 

i 


1 •-? 
i’  T * 


: 

! 


! 


\ 

I 


I 

I 


fc 

f 

I 

I 


iL 

r 

r 

I 

a 


5 


I 

I 

I 


I 

i 


iiU 


T s-ir-.h  tV-i' 


j - 


k,± 


or 


£.9} 


J 

^ Mi 


o 


j,yK 


roprb3snt.s  the  1 Imitin/r  r’urrent  for  any 


where 

given  ( i - The  quantity  shouAd  Le  a constant 
for  a given  electrode-eleotaTclyte  eystem. 

The  nux^tja  of  >1  vs.  I for  the  integral  function 
in  scuation  (SO)  « • tu  i-iugriXy  nrcncrtional  to  the  current 
density  ovor  moderate  cui-rent  density  and  activity  rangea. 

c«  Oompaidson  with  the  data.  — lu  equation  (50)  the 
second  tem  may  be  wiutten  as  the  differenca  of  two 
lopari'bhmaS 


log  V kj.!) 


A 

If  the  polarisation  due  to  all  otliar  is  'x«sumed 


an  invartant-.  A,  at  constant  currr'nt  dsnoityi  th« 


aation  nay  be  written  thus; 
CC 
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Dif ferentisitlng  y with  resp^ci;  to  log.fo^  „-/one  obtains 
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should  be  -0.03  at  constant  current  Jensity.  When  the 
data,  of  flryjrc  are  plcttod  on  aemliogurit^snio  a:{8s 
{Figure  ..Id),  a atrnight  line  results  for  peroxide  ion 
ccncontrc*bions  'or.\cs  approxii-iatoly  0,4  I.i.  Deviation  frun 
linearity  occurs  at  higher  ci.noentrations . The  slope 
is  C.C?7  ratier  than  -0.03.  This  may  be  interp '-sted  as 
due  to  t he  neglect  of  other  peroxide- deptsndent  temS;, 
the  presence  of  other  current  yielding  prce-«9es  In 
addition  to  the  lierl  proceas.  or  on  in-orcasing  adverse 
effect  of  paroxide  on  activution  poiariscticii.  The 

rlyt 

sedation  for  slmilaT»iy  yjelda  a Uniting 

slope  of  -Q.03,  ^ 

The  point  cf  ninlnum  polarization  on  the  curve 
of  Figure  2S  is  25  mv.  and  represents  the  pciurizubion 
Hoscclc.tsd  V/ ith  ail  other  factors  v/hsn  the  porooc.tde 
concentration  polarization  is  zero.  If  thi c value  is 
subtracted  from  the  ordirmto  value  of  each  point  in 
the  cuirve  of  Figure  28  and  the  linear  portion  of  the 
resultant  curve  extrapolated  tousro  pclar-ization,  the 
iritoivepi.  yields  a peroxide  ccncwntration  of  approximate- 
ly 0.6  Ko  This  value  is  ass’urasd  to  be  the  concentration 
cf  peroxide  ex-*  sting  a t the  interface  of  the  particular 
aleetrode  in  5 ?rt  Koh  at  IOC  ma./cm.*^  The  pi-ocedur©  used 
for  obtaining  this  intarface  ooncontrntion  Ir  general. 

Trie  initial  slopes  rt  low  current  densities  in 
Figures  21  and  25  provide  on  cxperiTueTvtal  check  of  the 
predictioria  of  souation  (57)  v;hic]j  requires  a tenfold 


iSlIUHiau 


^ 4 

.Inci’e^s*^  in  Ihc  slcps  :'or  eai-b  fjt:  = .j  Tcrce  in  tho  pK 
Tiis  dat-!?  iiidJ-cnte  c ?>onf^b  :orr<  ■'  ^ . .t'  r-ieau 


nativity  of.’  the  base.  The  higher  lir.’  : ~Lo^  .; 

1(  • M KOK  is  i-.r-'-imolous  in  Lbls  respect  .<.cTupsrsd  v?iti'  t:he 
5 I*  KOIl  in  Figure  21.  The  anomaly  Is  robably  due  to  the 
resiotivity  effect  discussed  in  the  i ' t section.  In 
comparing  the  data  or  Fi^jure  25  with  . iory  it  is 


necessary  to  assiaiio  that  the  Berl  mac  ^ sism  is  ;.ppiicpbie 


In  acid  solution. 


The  initial  si  ope  5'  at  lovs  cv.rre>iv 


f ensit; 


Fijjure  22  tnrl  23  indicate  smaller  sic  •_  ilth 
which  possess  a highoi'-  activity  than  FaCil  and  LiOH 
and  {CHo)^  ^^^11  at  evual  .polarities.  For  0 K 011“  ic-n 
concentration,  tho  mean  activity  coefficient  of  KOIl  Is 
1.7  time?,  that  of  .NaOh, 

Toa  predictions  of  equation  (57)  for  the  ratios 
cf  the  Ir-ltifll  slopes  with  the  variable  HO*—  ion 
concentration  (activity  coefficient  assumed  constant) 
are  approxlruately  ililfilled  in  the  date  of  Figure  26, 
Similar  eorroboration  of  equation  (57)  may  be  observed 
in  the  limiting  slope  of  31  for  oxygen 


pressure, 

Quantitative  checks  of  Zi-imiting  slopes  duo  to 
t>ach  reactant  muy  be  made  only  when  the  slops  cranponents 
due  to  other  tas-iaa  are  small  or  eliminated  by  calculations 
based  on  concentr;:tion  poluj-isation  theory. 

The  first  tera  or  equation  (00)  may  be  written  as 
a combinatioii  yf  thr-:  e ternf  where 
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T^e  I 


C3)  iog  -H  i.cg  1'^r(^^o«-< 

• ’I^Xu') i®  mean  activity  coefficient  of  the  alkali. 

V.hf:  i:so  dirroront  cations  such  as  K"*"  and  Na  ccr:p*^'^d. 

the  crfforencQ  in  predicted  by  equation  (65)  arlsea  fran 
* '.  •-  In  tliO  actirrity  ccefflclont^  at  the  btilk 

alkaline  concentration  in  qnestj-on.  The  difference  in 
tiio  curves  of  b IJ  NaOH  and  KOH  should  bs  a constant  value 
accordin-  to  enuBtion  (G3)  at  M^h  ourrernts  p?‘cvidir:!^ 
the  other  OK*  dependent  terms  are  negligible,.  This 
difference  is 

S4 

In  5 moisr  alkali  this  is 


G& ) 4^  ^ 0.0^  ^yio%  - 

The  date  of  Figures  (2£ ) and  (23)  show  slopes  approach- 
ing the  parallel  state  at  h,i.f,h  cui-i-ent  densities,  but  the 
parallel  distances  are  of  the  order  of  25  tiv.  rather 
than  7 mv.  for  KCii  cnh  ?JaOII.  Kchas  been  assumed  independ- 
ent of  thn  concentration  of  base  for  this  discussion.  A 
factor  which  has  been  neglected  is  that  will  depend 
on  the  orca  of  tiie  electrodo  vettea  by  t’s;e  reucGOCivo 
bofjCr  hesietive  eff  -Ct';  described  In  section  2 which 
follows  are  also  inportant. 

If  the  lust  three  terriis  are  neglected,  equation 
(60;  predicts  ^ at  ciirr-oiii,  dw.iislti&e  should  bs 
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'i'  i'cctl-.  pi-oncr’i'-Miax  tc  the  ao™  oi  ce' -'r.t  and  the 


cur'’^<jc;  oi'  vs  I r.hcula  e thcatf  t:'  i*.i ■•-a  'V?'-- 

I4ost  curves  are  ,"tr-ui£»ht,  however,  baeaiise  of  the  effect 


of  t-oT'mB  invnlvir.0'  oxTjjan  vrsil  as  the  r'esis't5.vity 
effect  described  in  the  next  sects  on. 

/ 

It  is  interesting  to  note  that  In  rcgicns  where 
the  last  threo  terns  of  equation  (bO)  may  be  ted 

the  slope  is  given  by 
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which  is  independent  cf  the  activities  cf  any  soiutes 


A 

4r«Ww0  4.  , 


slopes  are  parallea  r^nd  sero. 


2.  desiatlvity  If feet 


Some  features  of  the  polarization  associated  with 
the  oxygon  electrode  may  bo  explained  by  the  rcnictivlty 
effect-.  Gone  of  the  pertinent  phenoraona  which  may  bo 
connected  •/it-h  h;-i  « effect  are  listed  below. 


V«d.  X V X 


xneai 


0 *.J 


2 

densities  above  50  na./cin. 

2.  The  polarization  soeraa  to  pass,  through  r 
inlniraura  valve  at  or  near  the  naxJmun  conductivity  of 
the  solution. 


3.  ThC)  cathode  decay  trtiocs  are  eaaentlaliy  flat 
at  low  currents  tut  tend  tc  decay  consldtirably  at 
hifr'iisr  cu:‘r6nt  deiialties. 


i 

’9»i 
. > 


il9 

Ti-f?  t'i'o  of  tijciysy  t>;r©0  rfictor?  seem  to 

j.r.iiiCu/,.-c  a rG-iistivs  ccnpsrjsnt  in  the  polarization 
vaxuar- . This,  howovar.  sht^uld  not  be  the  case  since 
ordinsr^r  Ifl  drop  phenomena  asaocipted  with  polariza-- 
tion  measurement. 3 are  usu  ally  Glir.iin-atod  by  the 

coTcmutator  tecnraique  Tor  systeiaa  with  uniform  current 
density  distribution.  In  the  ease  of  t;:ic  oarT^on- 
cxy>^on  cathode  a somewhat  unique  situation  exists. 

/'it  lo7:'  cu?'-rent  donsitiec-  suf.'icient  activs  oxygon  its 
preserit  on  the  outer  3urfa.ce  of  the  elect. ’rode  to  supply 
the  n;  eded  depolarisation.  Uhen  the  currc.it  is  In- 
crocsecl,  this,  supply  is  exhausted  anu  the  elsctrolyts 
must  penetrate  into  the  carbon  layer  to  obtain  the 
oxygon  required  to  support  the  current.  Un-de-r  these 
conditions  a numucr  of  tic  .email  pores  In  t ho  carbon 
become  filled  with  the  electrolyte.  The  following 
is  a possible  cxplsnatlon  of  these  phoiiomena. 

In  figure  29  ’>*  •shown  a greatly  simplified 
diagram  of  tVjC  oxygen-carbon  oloc erode  and  the  .sit- 
uation that  1;:  postulated  to  exist  at  lev/  and  high 
current  denaxries.  Pert  1 of  this  diagram  above  sliows 
on  idealised  view  of  the  electrode  system^  while 
part  2 Rhov/3  an  enlarged  of  3ne  pore  with  the 
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r*.  r'.r 


Tine 


phenomonon  may  be  explained  as  follows. 

J.r  'h  and  l»(i  equal  in  the  solid  electrodSp  thon. 
points  A and  B are  aquipotentlal.  R^,  represents  the 
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v/iulvalent  Electrical 
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ura  the  resi°-ti«rs  and  capaci-^ive  cociponents  associated 
with  the  clectix>de  preceaa  occurring  at  or  near  the 
ejftemal  surface  of  trie  electrode.  arsa  Cg  are  the 

electrical  ccmpon&nts  ssscclatod  vith  polarization 
phenonena  in  the  pores  of  the  carbon  and  are  of  appreciable 
slf-niric- ‘^nce  oiHy  at  hl£’h  current  densi.tles.  Rp  Ir.  the 
renl.stunce  of  t'lio  solutton-  contained  in  the  poi-es  and 
varies  vilth  the  concentration  and  naturo  of  tl.e  alkalis 
• it  lovv  current  densities,  the  decay  of  the  catliods 
truce  is  slight  and  the  polarization  Is  low.  Under  these 
conditions  and  Cj.  function.  As  the  Current  density 


is  increased,  the  polui-ization  ot  A rises  due  to  the 
depletion  of  oxy/>on  at  the  outer  surface  and  tho  imnedsnee 
of  R,.  increases.  At  the  saeia  tlr;5  the  electrolyte  begirx 


to  penetrate  into  the  pore  P due  tc  eloctrocapilloi'y 
action  and  i-'cduccd  oxygen  pressure  and  an  appreciable 
current  f lov/s  through  Re  e n-d  Rp. 

In  the  idealized  model  the  sur:  of  tV-.o  voltage  drop 


across  i>a  and  R.,  v/ill  bo  equal  to  that  ucresr.  K, 


n'T’c's'i,  1 , 


?i  Ti I 1 t k . 


^ 0 r;  p r%^'  •?  *1  T "7“ 


Mien  the 


current  is  intorruptea.  v.he  capacity  of  will  discharge 
through  Re  and  as  v/ell  as  Rj,  a nd  t2ie  effect  is  co 


-t>-'  "p 


time  after  interruption.  Ulnce  the  polarization  ic 
sisasurod  v.'iihin  1 .■•jicrosoc . arter-  interruption,  this 
conaBnoGr  dischs.rgii  w iul  be  iriouudod  in  tne  polari  zac.lon 


values  in 


to  belic’i'C  t: 


fom  of  JR  drop  across  Rp.  There  is  reason 
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Section  will  show  reiatively  jnerenant^  ^ith 

• p 

Incretiainf;  ourrent  ^bove  iGO  ma./ent  , ui.ijt 

hence,  the  iJnear  pcx  tlcns  of  the  polurliiatior.  cuirv'os 
will),  be  due  to  the  IH  dv*op  mentioned  above.  Since  the 
rcsistar.cn  o£  Kp  depends  on  thri  condud  Ivlty  of  the 
electrolyte,  the  pseudo  pclarization,  i.e.  IR  di'op, 
across  Up  vill  exhibit  a tJdninixci  at  the  r«a>:inu!.i  con- 
diictivlty  of  the  solution* 

This  sa«e  capacative  discharge  through  Up  *sill 
cause  a rounding  off  of  the  cathodic  decay  curves- 
The  effeoc  becomas  tiore  significant  at  hi;>h  current 
densities  since  b^cor'cs  ?rrucb  ia!<.;sr. 


The  degree  of  flatness  of  the  decay  trace  a 

ordinarily  a measuiC  of  the  degree  of  rovers ibilitv 

27 

associated  v;  .1 1;-,  the  electrode  process.  The  electrode 
system  mey  stil]  be  nearly  reversible  v;ltli  respect  to 
the  el6Ct-rncher;;ioal  step  evon  at  hig'.t  current  densities 
aitho.Mgh  the  cathode  trace  may  decay  uonaj derably  due 
to  the  '-ffcct  just  Montlonod  a'oovb. 

The  relative  flattening  of  the  decay  traca  of  the 
cathode  v/njcu  has  been  cbac'-veu  v/ltii  the  catalysed  uuiLg/' 


aI  ,^r.t  cu'iipurou  to  \.hc  non=oatal  yz  ed  ones  may  be 

explained  by  this  effect  as  follows.  The  extra  iiberat 
crygsn  result  V.vy  fro;;;  tie  den  cr-.rositi  tn  of  peroxide  de- 
c sfi;-:  vi'A  polc.r'lr.t' t ion  associated  with  the  oxtornai 
surface  ard  the  r-'^’slstu’tce  decreases.  As  a 


om 

D.  d. 


Graiiarie , 


. thy 3.  ChGm. 
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cor.GccaeriCO  ''>f  t-hifi*  loss  current  flows  bhrcur^lj  Rg 
tncl  and  total  real-otunce  of  tho  6.5  ^r-hhvne 

r' 

clrcialt,  for  the  conilenaer  is  less  than  Lsfore.  liTnls 
lower  realstance  disc’-argoa  the  condar.ser  r;  3r.eT*  than 
before  and  t’;o  decay  cumre  bcconet-  flatter* 

3.  Activation  Polarleetion 


The  foneentration  pclarlzaticn  t*5?o'-^nted  with 

the  active  osrbcit-iv-iv'ou  cathode  b-  o been  ahc^Tii  to  reach 

'i  mini*Ti*an  vaioe  by  Ir?crna.5trsg  the  bolh  concentration  of 

perhydroxide  iou.  if  the  aomev/hat  doubtful  assun-pticn  is 

.'*.-de  that  tiio  c cviccntration  polarization  ia  reduced  tea 

norlipilhlc  value  by  this  procedure,  then  Iho  ^•esidual 

pularlzat: cn  isheuia  be  due  to  activation  polarization 

i.T.d  thy  r-yclat.ivit  y effect.  Figure  20  ahov/s  tids 

rcsidusl  poJ  Ai-lzaticn  to  be  less  than  25  mv.  at  a o’-rr«ot 

/ _ 

density  of  100  nav/cra.  bnen  the  data,  cf  Figure  2y  are 
plotted  on  -sen ■' logari’.lanic  aj^es,  tho.rG  is  cbtoined  a 
linear  s<(ct.ion  (Figure  30)  in  the  range  from  5 to  50 

llnoe  the  longth  of  tryi;.-.  linear  section  is  only 
one  cycle,  it  is  douutful  whether  it  repi'esunt.a  a true 
Tafel  curve.  The  slope  of  tho  linGur  scct-lon  is  only 
r.  .01  ip  .■ '.p: .'•  ? 1 v than  t Vie  v.a  iue  expected  from  usual 

Tafel  curves.  Lxtrapo  Int  j rn  oI  fc'ns  linear  section  of 
Figure  3U  to  zere  polarization  gives  an  exchange  current 
of  4 n:a-/cy>-''  Vrhich  ■■  s indicative  of  a high  degree  of 
reversibi iity  and  a corrcE;^c.r.dli‘gl~  -c.v  actlvut''cn  ;.^•c•rgy 
il  1.3  ro.isonahiy  evident  that  h’<e  exc.'iant'e  current  Is 

'>J  0“^  a / ot.  " 
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The  tsrr.porature  coafficiont  of  0*5  mv./"G,  '.’lenti 
oarller*;  la  not  n true  activation  oolsrlzation  coefficient 
duo  to  the  temperature  dopandcrice  of  other-  type?  of 
po'i.erJJsatlor’.-  In  addition,  the  resistivity  effect  is  also 
decreased  -y  the  increased  condncti  vity  of  the 
caused  u.y  rhs  temperature  increase. 

The  shape  of  the  catho-lle  decay  trscos  is  oloftely 
related  to  the  kinf.tics  of  the  electrode  process.  The 
characteriotlcfl  of  cathcd.ic  decay  traces  have  been  previously 
discussed.  For  an  olectrodo  vfrilch  has  both  activstion  and 
concanti-atlon  po’ari  ccnponcnr  s,  t-,t  rap?  ■’  exponent liil 

decay  nay  be  dun  t.o  the  activstlnn  ?oT  «ri  ?.pt  ior-c  wfj.ls  the 
flatter  alov  docayinp  section  may  be  caused  b*;  the  concent 
tration  polarisation.  Since  the  ro«lsti'>»ity  effect  like- 
wise esLur.-p  z .•'“.old  exponential  fail  of  the  decay  traces, 
the  3epa.ratiCi'i  of  activation  end  resistivity  effects  by 
obsarvaticri  of  cathcdlc  decay  traces  may  bo  diiTlc-iflt.  “jlhe 
•apparent  -decrease  in  the  reversibility  a'S  high  cui-r-er.t 
densities  as  eviaencou  by  the  inarcaiins  deca-/  rates  has 
boon  di  oCUSwOO  VlTidSA*  viit*  i'osistivity  effect. 

•t 

The  2-erl'*'-"  mcchanian  may  be  divided  .Int.o  several 
stages,,  any  cf  xijbJich  may  be  Ihw  alow  proossc  causing  the 
cctl's.'atj  cn  pcli-ii*.l»atlcn  acccc.i;i'cod  vi':h  the  r.eciucti-on  of 
05cygen  t-o  peroAlds  in  booi'.:  utlon. 
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The 
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Vs'-j-tor  tr’clocuic  Itself. 


a.  - ■‘I'n-?.  rate  <~a  sorption  of  oAv.reii. 

■treatner/t  oi  the  rate  of  oxy.-^er'i  .st^rptior?  :,3  the  alov; 
process  uasunce*  •-.li.e  «r,  u/h(Cl.  current  .flews  is 

proportional  to  the  rote  at  which  civjr.^r.  nclnr-lcc  are 
sorbed  or.  t he-  .sites.  The  eleotr-on' .ei-.ical  potent  I .--I 
Is  proportional  to  the  lop;..rithn  of  the  ratio  cl'  Ihe 
covorod  sites  to  t he  uncovered  site.". 

Ihus  it  iollc'vV3  that 


--  C 


/y 


LL^ 


w)inre  E®  is  a constant  for  tl.e  olsctrode the 
numbe.r  of  si t-o-s  occ-nf^^^d  under  revsrsi’olp  conoltions. 


assuniod  that  the  o.sy!>,ori  complex  cte:.ds  up  on  era  rron', 
t:ie  site  and  that  idsorptlon  on  one  site  dose  not 
Influence  the  potential  enwrby  of  no-Lghborinj-  cjtcis.. 
the  o:'jp,c.n  is  adc-'-rbcid  in  such  u rachlcn  tVov  two 
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T!si,-riboiI ricr  rjite?  i’e'iulred,  the  ratii  ^ raised 

tc  the  power  of  t"  ; =n  e'.iuatlcn  (r?;.  Under  dynanic 
condjT;:ions,  in  a stoacy  stave,  the  ntmLcr  cf  sites 

riCiVts  i, «■’ •iOi'iT.O’u  oivVr'C-r*  2.^  aiic 

c r-  /<T 

Oo;  ’• 

The  net  current  i is  related  tc  the  so/'ptlon  process 
bv  the  eouation 


where  1:,  and  ks,  aio  ccnstanis.  Gcfniilrmtloni  of  {67),  (68),  and 


TV  ' ^ ^ . 

i-  y y i O X G ^ 


— / k (k  -T  ) 

70}  //  ^ .4  - • 1"-; ^ 

' k,  ^ h.  - -J.  J 


If  the  fraction  of  tho  sites  occupied  is  assumed  tc  be  stcall, 
eqviatlcoi  (70)  almpllfi  3 to 
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- /4  - ^ ^ 
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ir 
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■7Haj3  o^_.  £pT/>  eSv-Ti^S  ' V j ^lld  ^ 0t*ni  ^ !Li3 

equatios'.  (70)  and  tha  polarization  goes  tc  infimitye 


I 


b.  Tr-ansfor  cf  r;r<Dton6.  --it  is  tiie. c ti'.G 


trunsiur  of  « iirotcri  i’rc.v.  a hydr.tueu  xjn  a s iter 

molecule  lt5sir  oculd  be  the  r-iow  process  caur-jlnn  the 
uctivation  poliirliaticn.  Tl:o  transfer  cf  t i-ctor;  fi'on  h 
WHCor  njolecu3,e  involves  about  5 to  iO  ’teal,  of  enerfjy* 

The  ab  at  inaction  of  a proton  ITor?  a hyni*atau  lou  i-e  quires 
leas  than  this  tmount.  Th!»  esse  ™ith  "hicr.  a proton  is 
rsiaoved  from  e.  hyrin  ted  positive  icn  is  dependent  on  the 
charf^c*  of  the  ion,  the  radius  of  the  ion,  ana  the  number 
cf  water  moiecuies  in  the  :jydr.*i--d  atmosphcr*6>'.  Tbs 
differences  in  polarization  '.vhloh  have,  beer  /-.haAin/ed 
between  LI  OH,  ana  Kuh  aro  l Ulte  small.  (Cf^)^  N03 

has  a considercbly  hlf7her  poiarizatlcn,  however, 
tljan  the  allcall  metal  hydroxides  fn«  th':*  --srje  r.ir.oeri- 
traf. ons  of  base.  This  ba v-o  Laa  a saallcr  potent;. 
enei*gy  of  interaUtjon  betvr'sen  th,s  r.jolecuiea  and 

the  posits. ve  icn  than  the  oi.-'ers  '.uentioned  ubcvo. 


c . Desorption  of  tuc  peroxide  complex » • — Tho 
rate  at  vvhich  tns  perhydroxlde  ccj.ipia:-:  dosorbs  from  the 
surface  Is  dependent  cn  the  stability  c"  the  adeerbed 
^ ^ fi-- ^ T^lc  S '?;*•'*  J.  i V " *Z  ^ T^C  Oil  of  'trjti  O'^? 

nycl T'c'i j on  o*’  ^ t nc  co'.icsrioj’a.  vit.i.  c*i 

in  tlie  ?ito,  and  the  electric  f.^ld. 

The  race  of  du'vr-o.tior'  of  t'y.r-.  tonplex  is  probably 
o.rprr.-cnti.h'.iy  proportional  to  tna  poiai'izutionc 


IO'O 


In  conciu '.^on,  the  a.iount  or  £ictiv.:.V.lon  cnorrjy 
as.'ioc.^ wit:,  t'-'.o  electroohenicQl  /.eduction  or 
oAvron  to  ;a'i-OAiu«  at  tic^.ivutod  c.^rbon  o’iectr’C'^OB 

J.n  basic  solution  la  o»iito  srv’.s^ll - Ths  lai*pc  n'jitbci’  of' 
otl.et-  ractoi-s  olvscure  the  true  activatios;  po' ari aatioii 
30  that  a quantitfitiye  evaluation  la  not  poa.slble 
'.v.Lt.h  the  uviiilfcibxe  data* 

i*h  The  Oxypen  iiloetrcde  in  add  and 
Neutral  Solution 


• • conoinaticui  or  d-'ti.  f ro  ' ttutlii  i.-.o£.suiu:  ants  in 
ba.'iie  -loiution  v/ltli  static  potentials  obtained  rinrln^ 
polarl  -.at. Jon  rner. suTv-sr-Kintf?  1/'.  neutral  and  acid  rnedln 
are  r,hor;r.  in  i'i;;  ix*c  40.  This  I'ipure  shcvvs  that  t;  e 
s.lopv=i  of  uL/upII  it  constant  ; oro.xide  cor.oeiitra.ti on  and 
oxypen  partial  pressure  char.'rcc  z’ron  0,03  to  0,03  below 
nil  7. 

Proffitr'iS  ep'vati  O',  /'.or  the  redvetiO'!  oT  o.?:  rpon 
to  per-ox,.ide  ivi  basic  ociutior, 

’/p ) r..  - U^f-  — 

one  obtains  in  acid  .solution  h"*  fiddl  t Ict!  ol'  two 

eac;'.  side  of  the  reaxjtion 

-i-  iigCfg  , 


V^Tr^  •^on*r*r*. 


or?'  n ”r 

I c/  / -r  <;  -r’C.iZ 


The  hciijot  o a t i oi i foi‘  cl'ij  3 half  cell  rcacticii  is 
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30  ^ ^ ,y 

wVilch  chould  A^ve  a slop^  c;:'  -O.UL?  for  dii/dpL',  +C;,05 
Ivir  ciiij/u <iL , <iii>i  — C « 03  .for  TI1S  exp?. ri.ricTitsi 

£i7.ope  j.n  acid  solution  is  -u.ub  for  dE/dpK  oa  previously 
stated;  the  other  factors  rcraain  to  be  confii’n'.ad . 


j o 


Ko->’dP5.'=^-t>i  a ••  .-d  ’'•'ir  fciucla  " .-eDort  that  th.e 


• • 0.  t./  4.0 


potentials  of  tno  axy/^en  clectrcue  exhibit 

or*  SiOrO  rstr.  p0.r‘;5^  C}iiii..TJ^  Iri  ? :-*.!!  1.  y'^SLj't^PO 

ac  pH  va.luea  below  3,  "he  results  ure  sub  Jeer,  tc  r.oma 

iio^'bt  sl  'c-e  ro  rf^^-oxide  control  y/«s  maintained. 

'.vorkers  h-ove  intimated  t.hal-  iliv  uyrir:.;;.Tc  oxygen  slactroao 

(Inr;.*:! rt o froi.T  i'ovr’coible  be  .-^y'or  .-^.t  iov/  pH. 

Causes  of  insensitivity  to  vari.hbie  oxygen 

pi'cssui-e  »aay  bo  the  pro  dona,  nance  of  slccviude  reuctions 

16 

and  of  meeijar/is-;?.  ether  tban  that  of  lerl  » ^’or 

1& 

sxioiipie,  ti;?  Biatzler  tneohuniom  It-voiv iiV;  tl'iS  depolar- 
ization of  adsorbed  nascent  hydrof^en  by  oxygen  may  be 
roeponsiuie  f or  the  majority/  of  the  elactrodo  processes. 
I'ht!  desorptlor,  of  na3ce:;t.  hydro.-'en  fro;,  tiie  site  by  a 
c heniical  ."..isct, i.^.n  vrith  oxygen  siay  oe  r'-'.pld  cc'';p»Ti"p. ('.  with 
the  rattY  OJ  Ihie  3 l^'c  tree  hemic  al  reciction  of  fOiT’.:  tion 
of  nascent  Viydx'Ogen.  IncreL.oi.d  -set;'. ''ity  of  oxygen  under 
sur.h  circujiiStar.'C.::i  could  effect  on?.:,’  m-tner  c’jer.gos 
in  the  ooitr-Mliul. 
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A posiiible  explarjation  for-  tJjft  bo»'.avlr;.-  of  tlix? 

oxyf^en  cathode  In  :-it-utral  and  acid  ncd.la  may  bo  co- 

P8 

duced  fron  the  work  oi'  .ilnslow''  th?  sorption  ci? 

acidii  !,,y  o,vliv'.i  curbcr.a  and  the  oxidizinp,  pov/er  of 
these:  carbons  it-  tho  -nrcj-T-r---?  oi  exyaon - T'r.ls  author 
postulated  the  active  oxyf^en  ao  bei.rvr  presont  in  the 
form  uf  a peracidic  r?  ther  than  pomnidis  coriptse:. 

This  vjo.u  trvldc.ncou  by  t-he  font-  ti;-at-  bac  ci’'n;piex  would 
not  rfjduce  p*~m..rn;anuto  as  would  a po.roxi.do  li'io  struc- 


If  tr.e  active  o:'7cen  were  present  in  the  ^or^r  c£  this 
peracidic  complex  at  the  exyrer.  cat.'iode  in  acid  solution, 
the  atiioility  of  this  form  would  be  Than  die 

noxmul  . hysicaily  adsorbed  oxygen  and  a higher  activa- 
tion T-:or,;y  v.^uld  be  required  for  Its  rodvi.ct’on. 

'^he  changes  in  tha  behavior  of  the  electrode  with 
decreasing  pK  would  be  explained  by  tho  aiuC’unt  of  oxygen 
rt  hr,  p:‘<>s©nt  .In  the  ps.racidlc  complex  fiS 
conpored  to  the  physically  adsorb(:d  i.iatoi-lal » At  hlg" 
acid  concentrations  practicslly  all  Ti  e oxygen  present 
on  Ihe  Carbon  w<)\]?d  he  in  tho  poracidic  foitn* 


( j . f'uti.'.re  -orlt 


H .V  Co'  is  i/.w  w,  Ic*  wi.'  .bUuU.t'U  Jii  C'AVf>‘«cJr* 

eloctrede  will  he  i.:r*de  und\:r  tho  rcllav.Ir.g  ciajsifi- 
CTt;  r'US  : 


K.iii.  .Vlra',!;  r?’¥,  Trans,  1 Ic-c  troche;;'. . Soc  r . 9i 


- 1 . 


) w^citic  Tr!r.'S.wi’ \2?6inoriti- H 


2)  Uyniirnio  njf?i.tourer;ent’'a 


3^  l5'jr.o:>ic  trccer  studies 


1,  Static  ii5.'>3'ar€!ncrit8 


.--  :i3rlos  or  static  ne a su percents  i.i  -which  ‘the  poter- 


tlals  of  accivs  carton  and  c>italyzGd  active  carton 


eioctrodos  are  studied  as  functicna  of  oxypen  partial 


preasui’C  arid  loxlde  concentration  at  pH  vy.iuoa  bel-oo  7, 


\70uXd  be  of  vuiuo  in  •Jote-’:; linin’  t-'-e  rriocbunl sn  of  these 


electrodes  In  acid  ricdia- 


2.  Lrynamic  idoa3Ua-.»ir:cnta 


•i  fTreot-  variet''-''  "f  wcrl-'  rGr.iai'.’s  to  ha  done  with 


dync-ijilc  mcssure-.Tionts  on  the  cxvpen  electrode. 


a.  A ^ ■■  r-i tati ve  ril"  tior.gTsir.  bctHfaen  aurf' C3 


area  and  polarisation  would  he  rmiuablOi 


b.  Tlie  dlf rcrsn<..e  between  t n©  e:r/runt  of  oxypen 


ads'-’rbed  by  a carbonandths  quantity  available  for 


el&ctrochejnicai  reduction  should  bs  laeasui^od. 


d..  Th-i  effect  of  dccroased  rotlvitv  of  v.-'j-f-.cr  .T\i'-ht 


be  more  clearly  cho.vri  by  vshn  , an  inert  '"uLo-rial  s-joli 


, 4-  ^ A.,,  r>  ’ >-»  +■  i*  ^ “l  ^ r»  t* 

. V V 4*  9f  ^ A -A.  * t — 


1 vtes  r 


ri-j©  effects  of  vorvini?  cxvrsr  ncrticl  pressure 


and  1 e-'ii: '.-'utu rc  dhnr.l  d bf*  p.r.iinlcd  to  riet.e'*’n.tro 
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’•-ho  £:ic’Jnt  of  activation  poiarl^atiorl  p,ve:;r;ot . 

f.  A raath-Bnatioai  theoi-^r  of  the  resistivity 

'i'Ww  '>«A4^./wtXQ  or?  j.  w s V/l.tX  porTHlTy  Zi 

quantitative  troatnent  cf  this  factor. 


3.  isotopic  Tr.c*?r  htudie.s 


.i  study  of  the  o.ynen  eioctrode  nslnn  oxy^ier. 

1 A 

enriched  with  O ' as  the  depol^-r Izinfr  naterl.al  -ivould 
be  useful  in  studying;  the  kinetics  of  this  olectreeJs 
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